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PREFACE 


The Sixtli Kclition of “General Physics”, Book I 
of late Prof. De’s “Introduction to the Study of 
Physics” is now out in the market after beinj^ out of 
[>rint for nearly one year. The revision of the book 
was taken up by late Prof, De himself and he died 
euf^aged in the work of r-evision. Thanks are due to 
Dr. Hrishikesh Bakshit for tlie pains he took in 
completing the work left unfinished by late Prof De. 

The method in the treatment of the subject 
matter as adopted ])y late Prof. De has been main¬ 
tained and the new additions and alterations have 
been efil'ected in view of the present syllabus in 
Physios of the different Indian Universities. 

Owin^f to new additions in the body of tlie book 
includin^^ insertion of new figures, the volume of the 
book has increased to a certain extent but the price 
has been kept unchanged. It may be noted here 
incidentally that as formerly, in the first portion of 
the book, an attempt has been made to give a system¬ 
atic and clear exposition of the fundamental principles 
of Mechanics which are so necessary in the study of 
Physic.s. 

Every attempt has been made to make the book 
up-to-date by inserting illustrations of the latest type 
and University questions of recent years. 



While presenting the present edition of the book 
before the Professors and the students with the hope 
that it will be received with the same old cordiat 
welcome, the Publisher'begs to invite suggestions for 
further improvements in the book. • 


Calcutta ' \ 
duly, 1938 ( 


The Publisher. 
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GENERAL PHYSICS 

CHAPTER I 


INTRODUCTION 

1. Science —In our everyday life we come 
across various phenomena which require explanation 
to satisfy the inquisitive mind. The knowledge gained 
in our attempt to obtain these explanations is what 
we call Science. The word Science (derived from 
.s'ceo, to know) originally meant knowledge ; but it 
has now come to mean a system of accurate and 
co-crdinated ImiowJcdgc. 

It is however, very difficult to distinguish 
between common knowledge and scientific knowledge. 
Strictly speaking, all accurate knowledge is science. 
“Science and commonsense are,” as Prof. Huxley 
observes, “not opposed, as people sometimes fancy 
them to be, but science is perfected common-sense.” 

Common knowledge is first obtained through the 
medium of our senses, viz., sight, smell, touch, taste 
and hearing. That knowledge must next be extended 
by careful observation, experiment, and reasoning. The 
methods of observation and experiment are again 
nothing new to us, for we are all constantly making 
observations every day in our life and making experi-: 
ments upon one thing or another. A scientific obser¬ 
vation differs from a common observation in being afr 
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the same time full, precise and ‘free from an unconsci¬ 
ous inference.’ It should be made with the assistance 
of accurate measurements, wherever possible. A 
‘scientific EXPERIMENT is likewise a careful observa¬ 
tion performed by watching what'lpippens when tho 
known conditions of an event in nature are arUjicially 
produced, or when some of these antecedents are- 
altered. By an accurate reasoning we put forward a 
hypothesis to state how some observed phenomena 
and some definite initial conditions are inter-related as 
effects and causes. A hypothesis which can satisfac¬ 
torily explain a large number of experimental results 
becomes finally a Law of Nature. 

Thus a Law of Nature is ‘the expression of a 
definite connection between a cause and its effect.’ 
For example, it is a law of nature that bodies, when¬ 
ever unsupported, fall to the ground ; the cause is the 
existence of an attraction between the earth and the 
things on its surface. It states that from a certain 
set of circumstances a certain result always follows, 
—in other words ,—Nature repeats herself. Thus 
science is in a position to foretell the future course 
of certain phenomena. 

The knowledge of the Laws of Nature obtained as 
the result of scientific investigations constitutes 
Natural Philosophy or Natural Science. 

2. Scope of Physics —The scope of Natural 
Science aiming at the study of the whole of Nature, 
t.e., all the phenomena of the material world is, 
obviously, a very vast one. It has, however, been 
divided on general grounds into various branches each 
of which deals with a particular class of phenomena 
of the material world. 

Thus the phenomena of the growth of animals and 
plants depending on vital forces have been grouped 
apart under the domains of Zoology and Botany 
respectively ; those involving the study'of the nature 
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and movements of the heavenly bodies constitute the 
science of Astrcficmy ; the study of the minerals and 
that of the constitution of the earth’s crust form the 
domains of Mineralogy and Geology respectively and 
so on. • 

Physics —in the widest sense of the term, (derived 
from Physike, natural) may be said to mean the science 
of the whole of nature and is thus identical with 
Natural Philosophy. In its present limited sense, 
however, it is taken to be a branch of the latter 
studying only those properties of which depend 

simply upon the st ates Qf bodies and not oa. their 
constituti^. It also studies energy in its various 
forms. 

Matter —is anything which occupies space and 
which is perceptible to our senses. It is the material 
or stufl' which all bodies are made of. It possesses 
certain fundamental properties, e.g., extension or 
magnitude, inertia, gravitation, etc., which shall he 
considered later on ( Chap. XIII ). 

Energy —is the name given to a fundamental entity 
possessed by matter which enables it to do work. 
Thus the energy of a body or a system is its capacity 
to do work. 

When a piece of matter undergoes o,physical change^ 
its form or state only is altered but its composition 
remains the same. For instance, ice, water and 
steam all have the same composition and hence when 
ice changes into water or water into steam they are 
said to undergo physical changes. 

Those changes of matter which are concerned 
with the composition of bodies and the interaction of 
one kind of matter with another are called chemical 
changes and are studied in the Science of Chemistry. 
When a body undergoes a chemical change, it dis> 
appears giving rise to new substances with entirely 
different composition. When a piece of paper is 
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burnt the ash left behind is quite a different subs¬ 
tance. Thus iron rust is not iron, gunpowder after 
explosion is no more gunpowder. 

3. Subdivisions of Physics —The science of 
Physics is usually divided intp the following 
branches :— 

(i) General Physics —dealing with the gene¬ 

ral laws of motion of Ixidies and the 
properties of matter. 

(ii) Acoustics —studying the cause, the pro¬ 

pagation and the natuie of Round and 
the relation of tones in music. 

(iii) Heat —studying the effects ofapplication of 

heat on bodies and the different ways 
of transmission of heat from one 
body to another. 

(iv) Optics —studying the phenomena of light, 

(v) Magnetism —studying the properties of 

magnets. 

(vi) Electricity —studying t^e properties of 
electric charges and currents. 

4. Subdivisions of General Physics— In the 

present treatise we make an elementary study of the 
portion of General Phy&tcs wdiich again may be divided 
into two parts :— 

Part I.— Mechanics. 

Part II.— Properties of Matter. 

The term Mechmiics was originally used by 
Newton to designate the Scieiice of Machines and the 
Art of making them. It is now, however, generally 
applied to mean the Science which stmhes the action 
of forces m matter producing motion or rest. 

Mechanics can generally be divided into the 
following two branches :— 

(1) Statlcs-r-\vhich studies the action of forces 
producing equilibrium or rest of a body. 
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1 kilometre (km.) = 0*621 mile 
1 yar^ (ydO = 0*914 metre 
1 foot (ft.) = 30'48 centimetrea 

1 inch (in.) = 2*54 centimetres 
1 mile (mi.) =1*6 kilometres 

It is worth noting here that there are cases in 
which smaller units than a millimetre are more 
convenient. In such cases, decimal parts of 1 mm. 
Are taken as follows : — 

i micron (m) = i = 10 "" ^mm. 

1 milli-micron (z^/^) = 10 ~ ^mm. = 10 "^cm. 

'' 1 Angstrom (A or A. U.) -■= 10 ~ ^^metre 
= 10 ” ® cm. = 10 - ^ /A/A. 

4 ^ X -unit (X.) = 10”^^ cm. = 10 ” ^ A. 

On the other hand, astronomical distances, w^hich 
Are very large are often expressed in terms of the 
Astronomical Unit which is equal to the mean radius 
of earth’s orbit : thus 

1 astronomical unit = 92,900,000 miles. 

Another suitable unit very largely used in astro¬ 
nomical calculations is the Light Year which is the 
distance traversed by light in one year : thus 
1 light year = 5865,000,000,000 miles. 

9. Unirof Mms—T he■ mss of a body is 
defined as the total quantity of matter contained in 
it. It does not depend on the volume or space which 
it occupies. Thus a piece of India-rubber when 
compressed has a different volume, but retains the 
same mass. The mass is altered only by changing 
the quantity of matter in the body—in other 
words,—when the body gains or loses matter. 

As there are two sets of units of length, there are 
also two sets of units of mass. The standard unit 
of mass in England, ?.e., in the F.P.S. system, is the 
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Pound Avoirdupois (Z^)),wh'ich is the mass of a certain 
piece of platinum that is preserved, like the standaid 
yard, at the office of the Board of Trade. 

The chief multiples and sub-multiples of this unit 
are— 

1 stone = 14 lbs. i 

1 hundred-wt. = 112 lbs. ^ ounce (oz.) — 

1 ton =2240 lbs. 1 grain (gr.) =- 77 jVir 

The unit of mass in the C. G. S. system is the 

Kilogramme. It is defined to be the mass of a 

certain lump of platinum preserved in the Archives 
m Paris. This was originally intended by Borda to- 
be the mass of 1 cubic decimetre ( = 1000 cubic centi- 
' metres) of distilled water at 4°C. It does not fulfil 
this condition exactly but is sufficiently near for all 
practical purposes. 

The unit of mass usually adopted for scientific 
purposes is the Gramme (or gram) which is one- 
thousandth part of the mass of Borda’s lump of 
platinum, known as the Standard Kilogramme. For 
practical purposes, however, a gram may be taken to 
be the mass of 1 cubic centimetre of pure water at4 C. 

Multiples and sub-multiples of the gram are as 
follws ;— 

1 decagram = 10 grams. 1 decigram = -^*77 gram. 

1 hectogram = 100 grams. 1 centigram = 77777 gram. 

1 kilogram = 1000 grams. 1 milligram = TirVTt gram. 

The relation between the units of mass in the two 
systems are given below :— 

1 kilogram (kg.) = 2‘2 pounds. 

1 pound (lb) =463'6 grams. 

, 1 gram (gm.) = 15'43 grains. 

, 1 grain (gr.) =0*06 gram. 

10* Unit of Time —The standard unit of time is 
derived fioip the potation of the earth on its axis,. 
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which is revealed to us by the apparent motion of the 
sun across the sky by day and of the stars by night. 

Each day, the sun rises in the East, moves higher 
up in the sky until at mid-day it attains the highest 
altitude, when it bb said to be in the celestial meri¬ 
dian {t.e., the vertical jdane which passes North and 
South through the observer) ; it then sinks lower 
and finally sets in the West. The interval of time 
that elapses between two successive passages, called 
transtta, of the sun across the meridian of any 
place is called an Apparent solar day. 

By careful observations it is found that the length 
of this apparent solar day is not constant but varies 
throughout the year. If, however, we add together 
the lengths of all the apparent solar days in a year 
and divide the sum by the number of days in that 
year, we obtain an interval of time which is constant 
from year to year and is known as the Mean solar 
day. The time indicated by our clocks corresponds 
to this mean solar day, such that 

1 mean solar day = 24 hours (brs.) of our clock, 

= 1440 minutes (mins.) 

= 86400 seconds (secs.) 

The unit of time on both the C. G. S. and F. P. 8. 
systems is the mean solar second which is ^if^TTuth 
part of a mean solar day. 

Like the sun, the stars also rise, travel across the 
sky and after crossing the meridian, set below the 
horizon. But, unlike the caRc of tha the interval 
between two successive transits of any particular star 
across the meridian of any place is constant through¬ 
out the year. This interval is called a Sidereal day. 
Sidereal clocks indicating sidereal time are in use in 
astronomical observatories. 

The length of the sidereal day is about 4 minutes 
Ishorter than the mean solar day ; it is calculated to 
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be 23 hrs. 56 mins. 4*09 sec3. of mean solar time. 
Fig. 1 explains why the solar days are longer than 
the sidereal days. 

Let PQR denote the orbit of the earth round the 
sun S. The earth revolves about its own axis in the 


P 




Fig. 1 

Illustrating the difference between 
a solar and a sidereal day. 

direction of the arrow as' it advances in its orbit * in 
the direction PQR. Let E be the position of the earth 
when the meridian of the point B passes through a 
certain star S ~ By th e t i me the e arth m a kes one 
* .The orbit is an ellipse with the sUn atone of its foci. 
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complete revolution about its axis, it will reach the 
position E in its orbit and the meridian of the same 
point B will again pass through S, for, the latter being 
very far away, the lines joining S and B in the two 
l)08ition9 of the earth are parallel. Thus the sidereal 
day, which is the interval between two successive 
transits of a star across the meridian of a particular 
point, is equal to the period of revolution of the earth 
about its axis and is, therefore, constant. But the 
apparent solar day is longer than this. For, let the 
sun be in the meridian of the point A when the earth 
is at pj. When, after completing one revolution, it 
comes to E', the meridian through A will not reach S 
but will be behind it by the small angle AOA . The 
apparent solar day is, therefore, longer than the 
sidereal day by the time required by the earth 'to 
rotate through this angle. 

v/ll. Dimensions of a Unit. —The value of a 
derived unit depends on the values of the funda¬ 
mental units from which it is derived. The dimensions 
of a unit for measuring a jihysical quantiiy express 
how this is related to the t hree fundamental units of 
length [ L I, mass \.M I and time I T \. For instance, 
the area of a rectangle is obtained by multiplying 
its length by its breadth, each being a certain number 
of the unit of length. Hence the dimensions of an 
area are given by fl/]x[’2i] or \L7. Similarly, in 
measuring a volume the unit of length occurs to the 
third power for it is the product of length, breadth 
and depth, each of which is of the dimension of a 
length. So the dimensions of a volune is lij]^ 
In expressing the dimensions of a certain quantity 
we are not concerned with the numerical factors or 
the particular values of the fundamental units 
involved. 

y/Velocity is defined as the distance traversed in unit 
time ; hence its dimensions are or [L] [T] 


B—2 
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Again the density of a substance is defined as its 
^ mass per unit volume so the dimensions of density 

are or [M] [L\ 

jj -- 

It is obvious that when two physical quantit.ei 
or groups of quantities are equated, both sides of the 
equation must have the same dimensions. Tlius a 
knowledge of dimensions is useful in checking 
whether an equation is correctly stated or not. 

MBA S UliEMENTiS 

12. Limits of Accuracy —In every physical 
measurement there is a limit of accuracy beyond 
which the degree of precision cannot be relied upon. 
This limit depends upon the nature of the quantity 
being measured, the type of measuring instiument 
used and the mode of measuiement adojited. Thus 
for measuring the mass of a lump of gold a sensitive 
balance is to be taken with much greater care and 
precision than when weighing a, quantity of rice 
or coal. An error of an inch is quite negligible in 
measuring the length of a hall, while an error of 
one hundredth of an inch is a serious matter in the 
measurement of some parts of an automobile engine. 

I It is well to take an account of the percentage 
error when the measurement of a quantity is made 
with a view to examine whether the result is accep- 
itable or not. Thus an error of '1 mm in measuring 
la length of 2 mm amounts to an error of '-J x 100 or 5 
per cent and may not be quite acceptable. 

MEASUREMENT OF LENGTHS 

! 13* Metre Scale —For finding the length or 
cfistance between any two points in physical 
measuirements various appliances are used accord¬ 
ing the accuracy desired. For all ordinary purposes, 
a iQ0li^*$€ale can be used. It is usually made of 
box-wood or steel and is about one metre in length. 
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It is generally graduated in inches and tenths of an 
inch along one edge or on one side, and in centimetres 
and millimetres along the other edge or on the other 
side. • 



Such a scale is placed directly alongside the 
length to be measured { Fig. 2 ) and then the length 
is to ho read off from the graduations of the scale. 
Where the direct application of the scale is not con¬ 
venient a pair of ordinary dividers may first measure 
off the required distance and then be referred to a 
scale. 

Simple Callipers —The simple calli¬ 
pers (Fig 3) consisting .of two curved 
pieces of metal, hinged like a pair of 
scissors, are specially suited for 
measuring the diameters of pipes, 
hollow vessels, rods etc. One pair of 
legs. A, is meant for external while 
the other iiair, B, for internal 
diameters. 

With a scale divided into milli¬ 
meter or tenths of an inch it is possi¬ 
ble with a little care and practice to 
measure approximately , by “eye" a 
length up to one-fourth of a division ; hence the 
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accuracy obtainable \\itlj such a simple scale is 
very limited. 

In cases where greater accuracy is wanted, the 
simple process of further subdivision of the scale does 
not help much. Other mechaiiicar contrivances have 
9 be adopted. Of these, the most commonly used 
re the vernier and the omcrojneter acvevu 

,X4» Vernier —The vernier, invented by Pierre 
Vernier, a French mathematician, is a simple and 
ingenious device for estimating le igths with greater 
accuracy than that obtainable by a simple scale. It 
is a short auxiliary scale, called the vernier, which 
slides along the main scale, whereby lengths are 
estimated to some particular fraction of the smallest 
division on the main scale, the zero line of the vernier 
acting as the index. 



Fig. 4—Vernier. 

In the form generally used, the vernier divisions 
are shorter than the main scale divisions. The 
vernier scale is so graduated that n divisions in it 
cover the same length as n - 1 divisions on the main 
scale-. If V be the length of one vernier division and 
^ that of one scale division, then we have 

, • nv = (;?-! ) .S' 

Or V = .s - ~ .s 
n 

1 

Or s - - <3 ... ... (1) 

: n 
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Thus the difference between a scale division and a. 

vernier division is ; this is called the least count 

n 

of a vernier or the Vernier constant 

In hg. 4, the wain scale is a centimetre scale 
graduated in millimetres. The vernier scale has 10 
equal divisions equal in length to 9 scale divisions. 
Thus 

10y = 9 s 

Vernier constant = difference of 1 scale division 

and 1 vernier division. 

“ ( 1 ~ nr ) 

= s = ‘1 mm. 

In fig. 5, AB is a rod w’hose length is to be mea¬ 
sured. It is placed hetw^een the zero-end of the main 
scale on one side and that of the vernier on the other. 
It IS seen that the zero line of the vernier lies between 



Fig 5. 

Measurement of ’ength with a Vernier 

the marks 3'2 and 3*3 cm. on the main scale. Now 
looking along the vernier to see which division on it 
is most nearly opposite to a scale division it 
is seen that the fourth one is just opposite to the 
3*6th mark on the scale. Hence :— 
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the 3rd. vernier division must be '1mm. to the right of 
the 3'5th. mark on the scale, 

the 2nd. vernier division must be ■2mm. to the right 
of the 3'4th. mark on the scale, 

the 1st. vernier division must be ■4mm. to the right 
of the 3'3rd. mark on the scale, ^ 
and the zero line ■4mm. to the right of the mark 3*2 
cms. on the scale. Hence the lod AB exceeds 3’2 cins. 
by '411110., i.e., its length is 3'24 cms. 

Thus to measure a length with tlie help of a 
vernier the reading on the main scale up to the divi¬ 
sion just before the zero line on the vernier is first 
noted. To this then is added the product of the 
least count and the number of the divisions of the 
vernier where coincidence occurs with an opposite 
scale-division. 

The type of vernier described above is a forward 
reading vernier and is the kind generally used. In 
this, as is already seen, the vernier divisions are 
smaller than the scale divisions and the numbers on 
the vernier run the same way as the numbers on the 
main scale. There are also backward reading 
vernier a in which n vernier divisions are equal to 
(w +1) scale divisions so that a vernier division is 
larger than one scale division. These types have the 
numliers on the vernier run the opposite way to those 
on the main scale and are very rarely used. 

It is to be observed that verniers are often cons¬ 
tructed to give readings with greater accuracy than 
YfT PRP- On looking at eqn. (1) i t may be seen that if 
n is increased, the value of tbe least count is reduced 
and hence increased accuracy is obtained. But one 
cannot thus push the accuracy to infinite limits. For 
as ?? is increased more and nmre, tjLe ^or in ascer¬ 
taining Which vernier divisipn-e^cactly cmncides with 
a main'scale division^dgfgradually increased thus 
putting a? limit to the accuracy obtained. 
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The principle of the vernier is applied to a number 
of measuring instruments such as the slide callipers, 
iravellin^ microscope and the caiheiometer. 

Slide Callipers —The slide Callipers is used spe¬ 
cially for measuring the thickness of bodies and dia¬ 
meters of rods, balfe etc. It consists of a steel scale 
and two steel jaws (Fig. 6). One of the jaws is fixed 



Fig 6 

Slide-callipcrs 

at one end of the scale at right angles to it while tlie 
other which is })rovided with a vernier and a fixing 
nut, is movable along the scale. When the two jaws 
are in contact, the zero (if the vernier coincides with 
the zero of the scale. When the object to be 
measured is placed between the jaws so as to just 
touch them, its dimension is obtained in the usual 
way from the scale and the vernier. 

Travelling or vernier microscope —Fig. 7 repre¬ 
sents a travelling microscops or a vernier micros¬ 
cope as it is also called. It is a low jKiwer micros¬ 
cope mounted on a vertical stand and capable of 
being moved up and down along it. The stand, as a 
whole, can slide along a horizontal base by means of 
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a screw. The stand and the base are both provided 
with a fine scale. The microscope can he rotated to 
have its axis vertical or horizontal. The distance 
throuf^h which the microscope is moved eitlier verti* 



Fig. 7. 

A travelling microscope 

cally or horizontally can he read on the correspond¬ 
ing scale with the aid of a vernier which moves with 
the microscope or the stand. To measure the dis¬ 
tance between two points, the microscope is first 
focussed on one point and then on the other. The 
difference between the two corresponding readings 
gives the distance required. 

Cathetometer —The cathetometer is an instrument 
used to measure vertical heights. It consists of a 
vertt^l rod provided with a centimeter scale and an 
adjustable slide carrying a telescope with the axis 
h^irizontal. Thus the telescope can be moved up and 
down; along tjie lod and its position can he 
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accurately read oilt o i the scale with the help of a 
vernier carried by the slide. The method of measur- 
ment with this mstrumeut is similar to that em¬ 
ployed in the case of a travelling microscope. 

15. Microijieter Screw —A form of apparatus 
hy which short lengths such as the thickness of a 
plate or the diameter of 
a wire can be measured 
with great accuracy 
utilizes the application 
of a micrometer screw. 

It is an accurately cut 
screw working in a 
close-fitting nut. In one 
complete revolution the 
end of the screw 
advances through the 
nut by a distance equal Fig. 8(a). 

to p Fig. 8(a), which is 

called the pitch of the 
screw, this being the 
distance between similar 
points on two consecutive 
threads at the screw. 
The screw is fitted with 
a circular head Fig. 8(b) 
of large diameter the 
edge of which is subdivi¬ 
ded into a definite number 
of equal divisions, usual¬ 
ly 50 or 100. When the 
head is rotated through a 
Fig. ft(b). small fraction of a com¬ 

plete revolution, the end 
of the screw advances through the same fraction of 
its pitch. Thus very short lengths can be accurately 
measuied. 

The accuracy obtainable by the use of a micro- 
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meter screw is limited by the accuracy of the pitch, 
i.c., the accuracy with which the screw is cut and 
the closeness of fit of the screw and the nut. 

The micrometer screw finds a practical application 
the micrometer screw gauge, the spiierometer etc. 

Micrometer Screw Gauge. —The micrometer screw 
gauge'6dhsistfl of a cylindrical tube S carrying a U- 
shaped arm F. A linear scale graduated in millimetres 
is engraved on S parallel to its axis. Inside the tube 
S moves an accurate screw, the pitch of which is 
usually '5 mm. The screw is moved backward or 
forward by rotating the head H which also rotates the 
collar C. Tiie bevelled end of G carries a circular scale 
( Fig. 9) of 50 or 100 equal divisions. The face B of 
the screw and the face A are exactly perpendicular to 



the axis of the screw. When these two faces are in 
contact, the zero of the circular scale coincides with 
the zero of the linear scale. The object to be measur- 
‘ed is placed between the faces A and B so as to be 
lightly touched by them and the corresponding reading 
gives the required length. 

V In the^common form of the screw gauge the pitch 
of the screw is 5 mm. If the circular scale is graduat¬ 
ed into 60 equal divisions, then the rotation of the 
screwbead through -one circular division corresponds 
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to a movement of the screw end through '5 or 
O’Ol mm. The instrument thus reads to 1^777 mm. 

^^Spherometer.—The spherometer is used to deter- 
mine the thickness of a 


plate and specially to 
measure the radius of cur¬ 
vature of a spherical sur¬ 
face, such as that of a 
mirror or a lens. It 


2 ^nsists of a metal f rame; 
o KvorJx lesting upon fln^ 
fixed legs, A, B and C, 
pointed at the extremities 
(Fig. 10). The extremities 
are all in one jilane and 
form an equilateral triangle. 
Through a nut at the 
centre of the frame works 



Fig 10 

A spherometer 


a micrometer screw, the 

axis of which is perpendicular to the plane of this 
triangle. The lower end of the screw forms the 
central leg of the instrument while the upper end is 
Jfprovided with a milled head M and a large graduated 
ycircular disc D. P is a vertical scale fixed at one end 
of the frame with its graduations close to those on 
the disc. 

The pitch of tlie screw is usually '5 mm. If the 
disc D carries 100 divisions, the least count of the 
instrument is '5 - 17(77 or ram. 


If the spherometer be placed on an accurately 
plane surface, say a glass plate G, and the screw he 
turned down until its point just touches the surface, 
the zero on the graduated disc is opposite to the zero 
on the linear scale. 


To get the thickness of a jdate E, it is so jdaced 
on the plate G that the screw point just touches its 
upper surface, while tlie thiee outer legs still stand 
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on the glass plate. The corresponding reading gives 
the required thickness. 

To determine the radius of curvature of a curved* 
surface, say a concave mirror, the instrument is 
placed upon the curved surface ind the screw is 
gently lowered till it just touches the surface. 


The reading of the linear scale and the circular 
scale is taken. This gives the distance d of the screw 
})oint, Fig. 11 (a), below the plane of the feet ABC. 
The radius E of the surface is given by the relation 





where a = distance between any two of the fixed feet. 



Pig. 11 (a) 

This formula is obtained as follows :— 

Let A,B and C be the points of contact of the fixed? 
feet aPitl D, that .of the screw point on the curved sur¬ 
face: y. Let N be the position of the screw point in the 
plai^ of ABC and 0 the centre of curvature of 
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the Spherical surface. Then ND = f/and AB = BO¬ 
CA ~a and OD = E ; join ON. We then have 

OC ' =ON- +NC-, for L ONC is a right angle 

= (e-/0‘^+nc‘ 

Now draw NE perpendicular to AC as in Fig. 11 (b). 
Then from geometry, 

'®'"’ = Cos LNCR^ Cos 30' = ^- ✓ 

NC 2 



16^, Relation between Mass and Weight —It 

is'^ecessary first of all to understand clearly the 
■distinction between the mass and the weight of a body. 
From our daily experience we are familiar with the 
fact that all bodies on the earth possess weight, due 
to which they constantly tend to fall to the eartli. 
The real cause of tlie weiglit of a body is the attrac¬ 
tion exerted between the earth and the body, due to 
which the earth, having a much larger mass", pulls the 
body towards it. The centre of the earth is the point 
from which its attraction may be regarded to he 
-exerted. 

.Tbe weight of a body is thus the result of the 
earth’s attractive pull exerted on the body. Now the 
magnitude of this pull, and hence the weight of a 
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body depend upon the mass of the body and upon its 
distance from the centre of the earth (art.58). At a 
(jivc'ih ‘place, therefore, tke loetgkt of a body is propor¬ 
tional to its 7nass ; in other words, ^bodies which are 
eijual in weight, aie also equal in mass. On this basis 
masses are measured or comp ired by the proceos of 
weighing. Indeed, the measurement of mass by 
w eight IS so general that the two words are com¬ 
monly used as synonymous. 

But the mass and the weight aie two entirely 
diherent quantities. Tlie mass of a body is the amount 
of matter it contains whereas its weight is the force 
of attraction exerted on it by the earth. While the 
mass of a body remains constant unless matter be 
added to or taken away from it, its weight may vary 
from place to place as its distance from the centre of 
the earth changes. For example, the weight of a 
body is found to increase slightly when it is taken 
from equatorial regions to polar regions. Again 
a body is observed to lose its weight, though very 
slightly, when it is taken to a considerable height 
above the sea-level, as on a mountain top or in a 
baloon ascent. 

17. Balance —It has already been mentioned 
that as the weight of a body is directly proportional 
to its mass, any two masses may be compared by the 
process of weighing. The instrument used for this 
purpose is the balance by which the weight of the 
given mass is balanced against the weight of one or 
more standard masses. 

The ordinary balance (Fig. 12) consists of a hori¬ 
zontal bj^ni'(l in Fig. 12) balanced on a knife-edge of 
a triai^Ular prism fixed at its middle. The knife-edge 
which 18 made of steel or agate to minimise friction, 
rests ujioii a plate df steel or agate fixed on the top of 
the- Supporting pillar^ At the extremeties of the beam 
there ^re two kni^-edges tjirned upwards to support 
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the inverted StirrupS (2), from which the scalepans 
(3) aie suspended. Hence the arms of the beams 



Fig. 12. 

Ba'ance. 

measured from the fine knife-edge at the centre to 
those at either end are equal. A long pointer P, 
which is attached, at its upper part, to the centre of 
the beam, oscillates with it ; when the beam is 
horizontal, the lower end of the pointer points to the 
zero mark of a graduated arc fixed on the pillar. 

To preserve the sharpness of the knife-edges, the 
beam, when not in use, rests upon the arresting- 
arrangement, the under surfaces of the pans just 
touching the base-board at the same time. To secure 
this, the central pillar which, supports the beam can 
be lowered by means of a small key or an eccentric 
arrangement fixed at the base of the pillar and 
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worked by a small handle (7) shown at the front of 
the base-board. 

Ihe base-boaid is provided with levelling screws. 

At each end of the beam is fitted a screw (8) 
along which a small nut may l)e pioved in or out 
whereby the effective weight of each arm can be 
altered through a small range. 

To use the balance, this is levelled first of all by 
adjusting the levellmg screw. If. when the beam is 
raised, the pointer does not swing through the same 
distance on either side of its :^ero position, as engraved 
on the scale below, either of the screw (8) is to lie 
adjusted until this is secured, the balance is then 
ready for use. 

The body to lie weighed is placed on one pan and 
the standard weights, i.e., the multiples and the sub- 
multiples of the unit mass are placed on the other jian 
until, on raising the beam, it is found to be exactly 
horizontal, «.<?., the pointer reads zero. From the 
principle of levers (art. 82), it follows that as the 
arms are equal, the downward forces on the two 
pans are equal ; and as the downward force i.e., 
the w^eight, is proportional to the mass, we can say 
that the corresponding masses are also equal, 



Fig. 18. 
a weight-lex. 

!IJ:e ir.aeres which aie used as Standard weights 
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are contained in a weight-box (Fig. 13). The weights 
are arranged wnthin the box in an order, each being 
placed in a separate groove. The gram and its multi¬ 
ples are usually made of brass, while the fractional 
weights are of alnmiinium. The order of arrangement 
of the weights in an ordinary box is usually as 
follows— 


( 1 ) 


( 2 ) 


Brass weights, 
100 


, 50, 20, 20, 10 \ 

5, 2, 2, 

Fractional weights,— 



OTu 

•2, 

■2, 

*1 

gm. 

marked 

500, 

200 , 

200 , 

100 

mgms 


•05, 

02 , 

02 , 

•01 

gm. 

marked 

50, 

20 , 

20 , 

10 

vigs. 


These fractional weights fit into separate compart¬ 
ments and are all covered with a thick glass slab. On 
one side, a pair of forceps is also ])rovided to handle 
the weights. 


\Yeights smaller than 1 centigram are not very 
convenient to use. To avoid the use of such w^eights, 
the beam of a sensitive balance is often graduated 
into one tenths of tlie length of an arm, the zero 
being at the centre of the beam and the tenth divi¬ 
sions at the positions of the knife edges at the ends. 
.\ piece of bent wire, called a rider, 1 centigram in 
weight, can be moved along the beam by means of 
a rod projecting through a side of the balarl'ee case. 
When exact balance is obtained with the help of the 
rider, its position on the beam is read. The effect of 
placing the rider at a particular division, say S on 
one arm of the beam is eguivalent to a weight of S 
milligrams placed on the corresponding scale pan. 

Spring-balance —The spring-balance is another kind 
of instrument which is sometimes used for a quick and 
ajiproximate measurem«nt of masses. The mass of a 

B--3 
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body is determined by observinf> the amount of de¬ 
formation produced in a sprin^^ by the earth's pull 
exerted on it. One form of the spi-mg-balance repre¬ 
sented in fig. 14. consists of a spiral spring, the upper 
end of which is secured to the top of the semi-cylin- 

drical case and the lower end is 
attaclied to a straight rod. The 
rod carries an index or a pointer 
which moves along a scale anti 
has a hook attached to its bottom. 
When an object is hung from the 
hook, the spring is stretched, 
until its elastic forces balance the 
weight of the body. The scale is 
previously calibrated by hanging 
standard weights from the hook 
and marking their values opposite 
the positions of the pointer along 
the scale. The space between two 
such marks is subdivided into 
equal divisions,-for the extension 
of the spring is found to be quite 
regular. 

As the weight of a body changes, though very 
slightly, at different jilaces on the earth, the pull on 
the spring also changes for the same mass. Strictly 
speaking, a spring balance gives accurate readings 
only when used at the place at which it was 
calibrated. 

ME A S UBEMENT OF^ TIMK^ 

' 18. Appliance* for Measuring Time. —Any 

contrivance suitable for measuring time depends on 
some process which repeats itself in regular succes¬ 
sion and in the.,-same manner. 

Heur-JltSS. —The hour-glass is a device used in 
the medieval ages to measure short lengths of time. 
It ooiisists of two glass bulbs, each of about the same 



Fig. 14. 

A spring-balance. 
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size, joinetl by a narrow opening through which sand, 
water or mercury may run from one bulb to the 
other. The time taken for this passage serves as a 
standard length of time. 

Sun-dial. —Perhaps the earliest method of reckon¬ 
ing the hours of the day was by means of the sun¬ 
dial, A flat metal disc, with the hours of the day 
niarked upon it in a certain order on a circular dial, 
has a large pin or Style as it is called, standing at the 
centre. 

The movement of the shadow of the style with 
the progress of the sun along its apparent path in the 
sky indicates the hour of the day on the dial. The 
Greeks as well as the Hindus knew its use. The 
sun-dials at the observatories of Benares and Jaipur 
erected by Hindu kings are still worth seeing. 

Towards the latter part of the sixteenth century 
(in 1584) Galileo discovered the laws of oscillation 
of a pendulum (art. 93). He discovered that a 
])endulum which is simply a mass hanging at the 
end of a string will always take the same time to 
swing backwards and forwards, so long as the string 
is of the same length. In 1658, Huyghens first 
applied the pendulum to regulate the motion of 
clocks. 

Clock.— The time-keeping instruments now gene¬ 
rally used are docks and watches. The mechanism 
in the clock is regulated in its motion by the oscilla¬ 
tions of a pendulum. The main spring of a clock 
tends to rotate a toothed wheel D, called the escape¬ 
ment wheel (Fig. 15). A cross-bar B known as the 
anchor, is attached to the pendulum rod through the 
crutch B and the fork F and swings to and fro with it. 
Two projections on the cross-bar (M and N), called 
pallets engage alternately in the notches of the 
escapement wheel. Thus the motion of this wheel is 
arrested at the end of each swing of the pendulum. 
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The regulated rotation of the wheel is communicated 
through a set of wheels to the two hands of the 


clock which move over the dial. 
The escapement arrangement ser¬ 
ves also to supply sufficient 
impulse to the vibrating pendu¬ 
lum at the right moment, as 
otherwise it would gradually come 
to rest on account of friction with 
the air. 

In a watch time is measured by 
the oscillations of a fine elastic 
spring, furnished with a small tiy- 
wheel, called the balance wheel, 
which is attached to an escajie- 
ment arrangement. A Chronometer 
is an accurately constructed watch 
that keeps time with perfect regu¬ 
larity. Another variety of watch 
is the Stop-watch which has a 
large ‘second' hand revolving over 
the main dial once in a minute and 
a smaller ‘minute’ hand revolv¬ 
ing over a smaller dial once in 
30 minutes. The watch is provided 
with a spring stud at the top, by 
pressing which the ‘second hand' 
is started. It may then be 
stopped, when necessary, by presr 
sing the stud a second time. On 



Fig. 15 

The escapement of 
a clock pendulum. 


pressing the stud a third time, the second hand flies 


hack to the zero position. An ordinary stop-watch 
generally measures time upto -j^th. of a second. It is* 


very .convenient to be used where a small interval 
of time is to be noted. 

Another instrument, called the metranome (Fig. 16) 
is Aclir used to imark the time in practising music. 
Jk da virtually a pendulum provided with ticking 
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mechanism and is so constructed that its time of 
oscillation varies within certain limits. In fig. 16, the 

bob of the pendulum is just 
behind the wooden cover in 
front ; a small weight slides 
along the rod of the pendulum 
and can he fixed in any position. 
If the sliding weight is moved 
u]), the pendulum swings slow^- 
er ; and when it is moved 
down, the oscillations become 
quiclier. Behind the sliding 
weight is a scale on which is 
written the number of ticks 
which the pendulum will 
make in a minute when the 
sliding weight is at a parti- 
the rod. For examj)!©, if the 



Fig 10 
A ]\Ietronome 


cular height along 
weight be at the number 150, it means that 150 ticks 
would follow one another in 1 minute : hence the 
interval hetw^een tw’o consecutive ticks is y or 0‘4 
of a second. 

\ MEASUJIEMENT OF SIMPLE 
DEBTVED UNITS. 


19. Measurement of Area. —For measuring an 
area, fitCm lengths are to be measured and multiplied ; 
thus the area of a rectangle is given by the product 
of its length and breadth. Hence an area has two 
dimensions 

Units of Area —The unit of area is a square of 
which each side is of unit length. In the C. G. S. 
system the unit of surface is a sgiiara centimetre 
(sq. cm.). The British unit of area in physical mea¬ 
surements is a square foot. 


For multiples and submultiples, we have 
1 sq. cm. =10 mm. x 10 mm. = 100 sq. mm. 

1 sq. metre = 100 cm. x 100 cm. =10,000 sq, cms. 
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1 sq, yd. = 3ft. x 3 ft. = 9 sq. ft. 

1 sq. ft. =12 in. x 12 in. — 144 sq. in. 

The numerical relation between a sq. cm. and a 
sq. in. is shown below : - 

1 sq. cm. = 0*155 sq. inch. 

1 sq. in. = 6*45 sq. cm. 

It is convenient to remember that 31 square 
inches are almost exactly equal to 200 square centi¬ 
metres. 

Area of Regular Plane Figures.— This can be 
readily calculated by the application of geometrical 
formulae on the measurements of certain lengths 
characteristic of the particular figure. Thus 

Area of Eectangle = length x breadth. 

,, ,, Parallelogram — base x altitude. 

Area of Triangl^ = i x base x altitude 
,, ,, Circle x (radius)® ; = 3'141f). 

,, ,, Ellipse = TT X semi-major axis x 

semi-minor axis. 

,, ,, surface of a_ 

spliere 4^ = 4ir x (radius)** 

,, ,, Curved Surface 

of a cylinder == 2 x radius x length. 

Area of Irregular Plante Figures.— The area of an 
irregular surface may be experimentally determined 
by placing the figure on a sheet of cardboard or a thin 
metallic foil of uniform thickness, and then cuttinf^ it 
out and weighing it. The weight of a known area 
of the same card or foil is then measured. Prom the 
comparison of tlie two weights the area of the figure 
is calculated. 

Another method is to transfer the figure to a 
piece of squared paper and to count the number of 
snjall squares included within the figure, an approxi¬ 
mation being made for the area represented by the 
incomplete squares on the boundary of the figure. 
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The product of this number and the known area of a 
small square deterunnes the o.rea of the figure. 

20, Measurement of Volunie. —The space 
ccupied by a body measures its volume. To measure 
a volume, three lengths, m., length, breadth and 
height or thickness are required. Hence a volume 
lias three dimensions [ L7 

Units of Volume —The unit of volume for all 
measurements is the volume of a cube, each edge of 
which is of unit length. In the C. G. S. system the 
unit is the cnhic caiiwieirc (c.c j. For commercial 
jnirposes, the unit of volume i.s the Lttke, which is 
1000 c.c. Large volumes of a liquid or a gas are 
generally expressed in litres. 

The British unit of volume is the cubic foot. The 
unit in which the volume of a liquid is measured is 
a jyi'.it such that 

1 gallon = 4 quarters = 8 points 
1 ]hnt =20 ounces. 

The numeral relations between the units is given 
below :— 

1 c.c. =0 001 cu, in.! 1 cu. in. = 16'39 c.c. 

1 litre =1'762 ])ints 1 gallon = 4’541 litres. 

Volume of Regular Solids, - 

I Volume of Parallelopiiied = length x breadth X height. 

I Cylinder = area of base x height. 

, = 7r X (radius)'*^ x height. 

Volume of Pyramid 

or Cone = t ^ area of base x height. 

,, ,, Sphere =4 ^^ 

Volume of Irregular Solids.— 

The volume of a solid body, regular or irregular, 
may be easily obtained by the method of displacement 
of water. The solid is tied with a string and gently 
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lowered into a tall jar, provided with a spout at 
the side and filled with water. The water displaced 
by it raises the level of water, 
and the surplus flowinj^ off by 
the spout is collected in a 
graduated cylinder Cl (Fig. 17), 
which measures the volume. 

If the solid be small, it may 
be directly introduced into 
water contained in a graduated 
vessel. The difference between 
the two positions of the menis¬ 
cus before and after the intro¬ 
duction of the body gives the 
required volume. 

A more accurate method of 
finding the volume of a solid is 
by the apjilication of the Pn.i- 
ciple of Archimedes (^44l. 

21. Measurement of 
Angle :---The ordinary unit 
adopted for measuring angles 
is the degree. A degree is -^rVlb. part of a right angle 
Hence 360 correspond to a complete rotation. A 
degree is divided into 60 minutes and each minute 
into 60 seconds. 

Another unit of angle which is frequently used for 
theoretical purposes, is the radian* It is the angle 
subtended at the centre of a circle by an arc of cir¬ 
cumference taken equal in length to the radius. When 
the radian is used as the unit, an angle is said to be 
measured in the Circular Meaimre. If $ is an angle 
subtended at the centre of a circle of radius r by an 
arc of ien^'th a, the*!! 9= air radians. 

.Hepoe, tl)e angle subtended at the centre by the 
circujnference of a; circle of radius r is 2'^r/r or 2^ 
radjans. 



V,olunK’ bv displac'c- 
nitiiu o* wjiter 
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Hence S'”" radians = SBO'’ 

Therefore 1 radian = 360°/2^ = 57'’29^8 


An anj^Ie bein^^ measured as a ratio of two lenf^ths 

^ has no dimensions. 

\Li 

Tlu' niaf^nitiido of an an^le is found in practice by 
means of a protractor (Fiff. 18). A protractor con- 



Fig. 18. 

A protractor 

sists of a semi-circular sheet along the circumferetico 
of whicli divisions are marked corresponding to the 
angles between the radii and the base of the pro¬ 
tractor. 


Ezeroiee—1. 

1. What arc the three funclamcntal physical units and 
why are they so called ? 

2. {a) How is the British unit of length defined ? Give 
its principal multiples and submultiples. 

(o) What is a Metre ? Give the equivalents of the foot 
and inch in centimetres. 

8. Explain the statement that we measure mass by 
weight. 

4. Compare the British and French units of mass. 
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5. (a) What is a spring balance and what is its advan¬ 
tage over an ordinary balance ? 

(d) A set of observations taken with a spring-balance 
-is given thus : 

Wt. in the pan (in gramme=!),— 

10, 20, 30, dO, 50, 60, *70, 90, 

Extension in mm,— 


6, 13, 20, 24*5, 30'5, 33'5, 42-2, 55. 


By moans of a graph find the approximate relation between 
these two quantities. Find the magnitude of the weight 
that will extend the above spring by 40 mm. (C. U,—1914) 


G. How will you find the volume of an irregular solid ? 
How do you check it ? (C. U.—1917) 

7, Explain the meaning of ‘an apparent solar day' and ‘a 
mean solar day.' 

Define mass, volume and density ; state the relation 
that exists between them. 


What do you consider to be the best materials 'tor the 
weights in an accurate box of weights ? Why is aluminium 
generally used for the fractions of a gram ? (Pat, U.—1918) 

9. What is a radian? What is the relation between a 
iradian and a degree ? 
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MOTION 

/ 

22. Motion and Rest. —A body is said to ))e in 
motion when it changes its position ; tlms a motion 
IS fi Conversely, if a body 

continues to occupy the same position for any length 
oi time, it is said to be at rest. 

A little consideration will show us that the state 
of rest possessed by a body can only be apjiarent , 
absolute rest, in other words, is unknown to us. A 
passenger in a railway carriage may be in a state of 
rest I'elative to tlie train in which he is travelling, 
but really he is m a state of motion with rosjiect to 
the trees, houses etc., past which the train rushes. 
These trees, houses and other objects again are not in 
absolute rest, for they are sharing the motion of the 
earth which is moving round the sun wnth consi¬ 
derable velocity and is also rotating about its own 
axis. The sun itself has not only a motion of rotation, 
but is moving through sjiace carrying with it the 
wdiole of the solar system of which it forms the 
•centre. Even the stars are observed to have a 
motion, which excludes the idea of absolute rest. 

Again, absolute motion is equally unknown to us. 
To measure an absolute motion a point absolutely 
fixed in space is firsf of all necessary, which, however 
is impossible to be realised by us. 

Hence a body can only be in jrelajtiye motion or 
relative ,rea.t_a.ccording as it does or does not change 
jts position with respect to its surrounding ob'jectsV 
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2S. Motion of a body. —In mechanics, a body is 
supposed to be rigid, that is, its size and shape do not 
change. In practice, however, a perfectly rigid body 
cannot he realised. Still, the consideration of the 
dynaniicrs of such a rigid body is useful as an intro¬ 
duction to the study of the actual complex cases. 

Motion of a body may, in general, be divided into 
two kinds. A body is said to have a motion of traJl- 
slatio^y when it moves in such a way that the motion 
of all the particles of which we may consider the 
body to he built up, is exactly the same. Hence, any 
line within the liody in its displaced state remains 
parallel to its original iiosition. A train moving in a 
straight track, a boat sailing in a straight line, the 
fall of a stone in a w^ell are examples of translatory 
motion. 

On the other hand, when a body moves about a 
fixed jioirit or axis, round which the particles within 
the body describe concentric circles, it is said to have 
a motion of rotation. Tims the motion of a grind¬ 
stone on its axle, of a door on its hinges, of a pendu¬ 
lum about its point of suspension are instances of 
such motion. 

But in actual cases, the motion of a body is fre¬ 
quently complex and is a comliination of both rotation 
and translation. Instances of such motion are those 
of the wheel of a moving carriage, of a ball rolling 
along the ground, of a planet round the sun etc. 

24. Displacement. —The displaJcement of a 
moving particle during a given time is its change of 
ppsiticii;^ ip that time. It is measured by the straight 
line joining its initial position to its final position. 
The displacement posseses a direction as well as a 
magnitude. 

Witen a body is undergoing a simple translation, 
the displa<iement is measured by the displacemeuii-.of 
in the body. In the case of simple rpta- 
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tioii, tlmdisplacement Qt a body is measured .tlie 

a, particle in it 

““‘^iSrocalar and Vector Quantities.— In 

physics, any quantity may he classed into either of 
two types—scalar.and vector. Any physical quantity 
which possesses magnitude only is a scalar quantity, 
no idea of diiection is associated with it. Thus 
volnme, mass, time, eneigy aie all scalar quantities. 

K J 

On the other hand, 'll physical quantity that- 
possesses a direction in addition to its magnitude is. 
callM'a vector quantity. For the full specfficatioh of 
such a quantity both magnitude and diiection must. 
be stated. Thus displacement is a vector quantity ; 
it wdll be seen later that veplocity, acceleration, force 
etc. are all examples of it.'^ 

A vector quantity can be represented by a straight > 
line whose length is a measure of the magnitude and 
whose direction represents the direction of the vector, 
the sense of direction being usually indicated by small 
arrow-heads drawn either on the line or by its side. 

Scalar Addition. —The net effect of the combination 
of two scalar quantities of the same kind is determined 
by ordinary arithmetical laws. Thus if 5 pounds of 
sugar be put into a bag containing 10 pounds of sugar, 
the net amount of sugar in the bag after this operation 
will be 15 pounds. Again, a man aged 30 years at. 
present will, after 5 years, be 35 years of age. 
Similarly, if 1 gallon of petrol be used up from the 
reservoir of a car originally containing 3 gallons, the 
quantity of petrol left will be 2 gallons. 

In all these cases, the ultimate result is obtained* 
by ordinary arithmetical addition or subtraction. This 
is so because mass, time and volume are all scalar 
quantities. * - 

^Vector Addition. —But the combined effect of two- 
Vector quantities of the same kind cannot generally 
be found by direct arithmetical operations. The- 
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single vector which will produce the same effect as 
two or more vectors of the same type jointly do, is 
called the resultant of these vectors. The process of 
finding this resultant is called vector addition or the 
composition of vectors. Vfictoi, addition is done by 
the method o\ parallelogram of vectors which may 
be stated as follows :— 

If tioo vectors of ike same type are represe7ited iv 
both magyiiUule and direction by two adjace7it sides 
of a parallelogram, the diago7ial of the parallelogram 
droAuii thro7igh the point of t7itersectio7i of these tivo 
sides represe7iis the resnltant vector 77i both magniinde 
a7id dwechoii. 

The propositions known as the parallelogimi of 
velocities or forces, which will be studied later, are 
particular cases of this general theorem. 

26. Speed and Velocity .—The s pee d of a body 
i s its rate of movement. This is measured hy the 
change of position in unit time. It has no idea of 
direction assofeiated with it ; it is a scalar quantity. 

The velocity is the rate of change of position in a 
definite direction. It is thus a vector quantity and 
can be represented hy a straight line. 

Evidently velocity means speed in some definite 
direction. Thus~al)ody moving in a curved line, say 
a circle, may have a constant speed but its velocity is 
not the same at all points, for its direction of motion 
is continually changing. 

Uniform and Variable Velocities. —Speed and velo¬ 
city may be either uniform or variableT A body is 
said to possess uniform speed when it passes over 
equal distances in equal intervals of time, hotoever 
sinall these intervals may be. If, in addition, its direc¬ 
tion of movement remains unaltered it is said to 
have uniform velocity. Thus when a body moves 
in j|^ given "directidn so as to Waverse 100 ft. in 
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every 4 second interval, its velocity will be said to be 
uniform only if its displacement is 25 ft. in 1 second, 
12i ft. in i second, 1 ft. in of a second and 

so on. 

When the velocity is uniform, it is measured by 
the distance traversed in a unit of time. If a particle 
passes over a space s in time t, the velocity v is given 
by'the equation 


The unit of velocity is 1 cm. per sec. in the C. G. ‘ 
S. system and 1 ft. per sec. in tTie“J’'.‘T*system. 


The dimensions of velocity are or [L] [Tj ^ 
From (3), we get, 

.s =vt. Or, distance traversed = velocity x time. 

If a particle does noElnove over equal distances in 
equal intervals of time its speed is said to be variable. 
In such cases, the speed at any instant is measured by 
the rate at which the distance is being traversed during 
a small interval of time containing that instant. This 
interval of time is taken so small that the speed does 
not appreciably alter during this interval. 

Thus, when we say that the speed of a railway 
train at certain instant is 15 miles per hour, we 
mean that had the train moved with a constant speed 
equal to that it actually possessed at the time under 
consideration, for a very short time, say half a second, 
it vfould have moved through 22 ft.* 

When the speed of a body is variable, we may also 
define its motion by the average speed in any given 
interval. The average speed of a moving body in any 
given interval of time is the uniform speed with which 

*80 miles per hour=44 ft. per second. 

B—4 
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it would have to move throughout that interval to 
traverse the same distance as that trar^elled in the 
actual motion. It is measured by the total distance 
travelled divided by the total interval of time during 
which the average speed is coiwidered. If s is the 
distance traversed by a body moving in any manner 
in an interval of time then the average speed is 
given by v = s!jy' 

27. Acceleration —If the^ velocity of a body is 
not constant, it is said to have an acceleration. Acce¬ 
leration of a body is the time-rjrfe 
city, i.e ., the^^change^pf veld^^ per unit time. 

As velocity has both magnitude and direction, 
acceleration implies an alteration of velocity either in 
magnitude, or in direction, or in both. As it has both 
magnitude and direction, it is a vector quantity and 
can be represented by a straight line. 

If a body is moving at the rate of 10 ft. per sec. at 
any instant, and its velocity, one second later, is 15 ft. 
per sec., the velocity has obviously increased by 5 ft. 
per sec. in one second. The acceleration, therefore, is 
5 ft. per sec. per sec.* 

The unit of acceleration is 1 cm. per sec. per sec. 
in the C. G. S.,system and 1 ft. per sec. per sec. in the 
F. P. S. system. 

The dimensions of acce leration are 

"jM?! ~ ^ Or [Ii][T] " 2 
[T] 

If the speed be increasing, e.g., when an express 
train starts from a station, or a stone is let fall from 

. * Tho words Per etcond are repeated twice as the unit of 

th^a is involved twice in the measurement of acceleration. 
If the yelooity of a railway train moving at the rate of 20 
Uillee per iltoat inoreaBes to 25 milea per hour in one second, 
we that ,th^ acceleration is 5 miles per hour per 

sec. for m Increase In velocity in one second is 5 miles 
I>et hour. ^ 
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a height, the acceleration is said to be positive; 
while, if the speed be decreasing, e.g., when a railway 
train going at full speed approaches a halting station, 
or a stone is thrown upwards with a certain velocity, 
the acceleration is •said to be negative. A negative 
acpejeration is, in the ordinary language, called 
Retardation. 

Acceleration may be uniform or variable. When 
the velocity of a body is increased by equal anibunta 
in equ^ intervals of time,,these inter- 
vais may be, the acceleration is said to be uniform. 
WhdinWs Ts not the case, the acceleration is variable. 

Uniform acceleration is measured by the change^ 
in velocity that takes place in a given time divided by 
that time, i.e., by the change of velocity in a unit of 
time. Hence, if the velocity of a particle changes 
from uio V during an interval of time' t, the accelera¬ 
tion / is given by the equation, f = Lv- u)lt and 
this value is the same at all instants. When variable, 
the acceleratimi at amj instant is also given by the 
^equation f=(v - u)lt with the only restriction that 
I the interval of time t should, in this case, contain this 
> particular instant and should be taken so small that 
{the acceleration does mot appreciably alter during this 
interval. It is obvious that the value of / is different 
at different instants. 

28. Uniformly accelerated Rectilinear Mo¬ 
tion. —We have already seen that the velocity of a 
body having an acceleration may change either in 
magnitude or in direction or in both. The simplest 
case, however, is that iji„'wbich the magnitude of the 
velocity ..only, changes at a constant r4frt6 and the 
motion is restricted in a straight line. This type of 
motion is called unifjgpgijiy, accelerated reptjiiijieikr 
motion. We shall now consider this type. 

nBQQfttioiiS 6l Motion. —Suppose that a body is mov¬ 
ing with an initial velocity u and that it has a uni- 
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form acceleration /. After a time t reckoned from the 
start, the increase in velocity will be ft. If the final 
velocity at the end of the time t be then we have 
V = initial velocity + increase of velocity due tp 
the acceleration. *> 

— u+ft '' ... ... ... (4) 

Since the acceleration, t.e., the rate of increase of 
velocity is uniform, the average velocity v during the 
period t will be half-way between u and v and will be 
given by 


u + V 



(5) 


This equation can be arrived at in the following 
way : 

Divide the period of time t into a large number 
of intervals each of duration p, p being so small that 
the velocity at the beginning or the end of any interval 
may be taken to be the velocity throughout that 
interval. 


Then we have : 


Velocity during successive 
intervals from the beginning 
of the period t onw’ards 
(velocity during any interval 
is taken to be the velocity at 
the beginning of that 
interval). 


First, 
Second, 
Third, 


u 

w +fp 
u + 2fp 


Velocity daring succes¬ 
sive intervals from the 
end of the period t back¬ 
wards (velocity during 
any interval is taken to 
be the velocity at the 
end of that interval) 

V 

v-fp 

V - 2fp 


9»th.> « 

« • a **' 

Last. ■ 


u + {n-l) fp “ (w - i) 


V 


u 


''' ‘fii 
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It will be seen that the velocity is different for 
different intervals. But the average velocity for any 
pair of intervals arranged in a line will be the same 
and will be equal to 

For, we know that the average velocity during 
any period of time is measured by the total distance 
traversed divided by the total time. So that, the 
average velocity corresponding to the n th. pair of 
intervals is given by 

the distance traversed the distance traversed 

in the n th. interval + in the n th. interval 

from the beginning __from the ^d_ 

total time comprising the two intervals 
= + (m - l ) fp) p + {v - (n - 1) fp \ p 

2p 

_ %i + v 
2 

In this way, it can be easily seen that the average 
velocity corresponding to any such pair of intervals 
is the same. Hence the average velocity v throughout 
the whole period of time t is given by 

u + V 

V = —~ • 

The distance s travelled by the body in the time 
t will then be given by 

s = Average velocity x time 
u + v ^ 

2 

and substituting the value of v from eqn. (4), 

./ « 

] + ... .... ( 6 ) 
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From eoD. (4), 

'y® = (w+/rt® 

=u* + 2uft+f^f 
: =u^ + 2f (ut + iff^) 

f + 2fs horn eqn. ifi) ... (7) 


If the body starts from rest, we havew = o and 
the general equations given above take the forms 

( 8 ) 
(9) 


|‘i;= ft 
iv =2 fs 


. . . . . . • m . (lO) 

If the motion is , i ;^rd ed instead of being accele¬ 
rated, the general ^nations become 

1 / v = u -ft ... ... (ll) 

s = 'ut ... ... ( 12 ) 

v^=u^ -2fs ... ... (13) 

The distance passed over by a body in ji particular 
se cond can be easily calculated by applying eqn. (6) ; 
we have 

I 

Distance traversed in the nth. second from start 


A 


; = distance traversed in first n seconds 
/’ “ distance traversed in (n - l) seconds. 

= (un + i/w^) ~ {u{n “ l) + 4/ (?i “ l)^} 

= w + 4/(^«”l) ... ... (14) 

If the body starts from rest, u = o and distance 
traversed 

^\f{2n-l) ... ... (16) 


Examples 



1, A ball thrown along the surface of the ground 
with an initial velocity of 50 feet per sec. comes 
to rest after moving through 100 yds. Assuming 
the retardation constant find out how far the ball 
will have moved in 3 sec. and how long it had 
been in motion. 


/ be the uniform retardation and i the time for 
, which the 1^11 was in motion. 
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Then, since the ball comes to rest, the final velocity 
after t seconds from start is zero. Hence 


0 = u-/.t 

= 50 -/J 

Or t=y seccJndB, 

We also have 

v^ = u^’- 2fs 

or 0 = 50^~5/x 100x3 
50® 

" 2'^ldo3^ f.t P®" P®" ®®°' 

i = 50 50)^2 X10 0X 3 

f 50' 

= 12 seconds 


Hence the ball was in motion for 12 seconds. 

And the distance s travelled in 8 seconds is given by 

S = ut- % ff 

=(50X3-^x x3’) ft. 

2 X100 X 3 

= 43f yds. 

2. A body, dropped from a height, falls with a uniform 
acceleration. In the 4th and 6th seconds from the commence¬ 
ment of its fall it moves through 120 ft. and 184 ft. respectively. 
Find its initial velocity and the acceleration with which it 
moves. 

Let u be the initial velocity, and / the acceleration. 

Then the distance traversed in the 4th. second=distance 

fallen through in 4 secs. - distance 
fallen through in 8 secs. 

= [uA + 4 ®] - [?^.3 + ^/. 3 ®] 

=m + |/=120 ... ... ( 1 ) 

Similarly, the distance fallen through in 6th sec. 

= [w.6 + y2f 6®] - [w.5 + i/.5®] 

= w+V/=184 ... ... (2) 

From (2) and (1) 

2j= 64 whence f=s=82ft. per Sec. per Sec. 
and u=8 ft. per sec. 
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29. Gra^phical Reprc^ntation of Motion. 

The motion of a body can be conveniently studied by 
graphical means as follows. Let OX and OY (Fi^* 1®) 
be two axes at right angles to each other repre¬ 
senting time and speed respectively/. Let a number of 
equal divisions OA, AB, BC etc. along OX represent 
equal intervals of time, say one second. Suppose we 



Fig. 19. 

Spoed-time diagram. 


commence, to count the time from O and let the 
speed with which the body is moving at this instant be 
represented by tho length OP along the speed axis. 
Simil^lYi AQ reprosents the speed at the time OA, 
Bl| tSie speed at 06 and so on. 
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If we assume that the speed of the body changes 
continuously from the beginning and not abruptly, 
then a smooth curve drawn through the points P, Q, 
B, S etc. will represent the actual motion of the body. 
For instance, the ^peed at any time represented by 
OM will be given by MN, the ordinate at this time. 
Such a curve is known as the speed-time diagram of 
the motion. 

It must not be supposed, however, that the curve 
in such a diagram represents the actual path of the 
body. Motion might take place in a straight line, 
und yet the speed curve might be represented as in 
Fig. 19. The graph is merely,a representation of the 
increase or decrease in the rate of motion at suc¬ 
cessive intervals of time. 

It may be shown that the area under the speed 
curve, i. e., the area bounded by the speed curve, the 
axis of time and the ordinates drawn through the 
points corresponding to the beginning and end of the 
interval considered gives the distance travelled during 
the interval. Thus in Fig. 19, the area 0 P Q R S C 0 
is numerically equal to the distance traversed by 
the moving body in the time represented by OC. This 
will be clear from the following discussion. 

Uniform Motion. - In case of uniform motion the 
^PSfidiuk different periods of time remains the same. 
The speed time curve becomes a straight line parallel 
to the time-axis (Fig. 20). 

Let the uniform speed of a body n be represented 
by the ordinate OP in the diagram. Suppose that 
the distance traversed by the body in the time t 
represented by OS' is to be found out. ^As stated 
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before, it is nurEerically equal to the area OPES- 
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Fig. 20. 

Speed-time diagram for uniform motion. 

That is, 

S — area OPES 
= OP X OS 
= n'x t 

This is identical with eqn. (3). 

Uniformly Accelerated Bectilinear Motion-In 
case of uniformly accelerated motion in a straight 
line, the speed increases by equal amounts in equal 
intervals of time and the speed-time curve is repre¬ 
sented by a straight line inclined to the time axis. 

Let V be the speed of a body at a certain instant 
of time represented by OA in the diagram in (Fig.21). 
Let / be the acceleration and v the velocity after a 
time t, represented by AD, has elapsed. 

If AB, BC each represents one second and AP,. 
BQv, GB represent the velocities at the instants A, E 
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and C, then since the acceleration is uniform, 
QL = BM=/, where PL, QM etc. are all parallel to- 
AD. Hence, from geometry, P, Q and R are in 
straight line. Proceeding in this way it may 1^ 
shown that the speed-time curve of this motion is- 
represented by this same line produced either way 



TIME 

Fig. 23. 

Speed-time diagram for uniformly accelerated 
rectilinear motion. 


Lot DS be the ordinate at D. Then we have DS=v 

= DN + NS, where PN is parallel to AD* 
= PA+NS 


= u ^ft. as in eqn. (4). 


And the distance 8 traversed in time t is, given by 
8 — area APSD = 4(AP + DS) x AD 
= J(w + w + i/) X i -f / 

This is identical with eqn. (6). 
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30- Compofition of Velocities- —It has. already 
been seen .that velocity being a vector quantity can be 
represented by a straight line. For this purpose, a 
■straight line may be taken in the direction of tlie 
velocity and of such a length that if contains as many 
units of length as there are iintis of speed in the 
velocity considered. In order to sho'w the of 

the direction, an arrow-head may be drawn yon the 
line. ^ 

A body may have at the same time more than one 
velocity. For example, a man moving about in a train 
has not anly the velocity the train, but an additional 
velocity of his own. ' Again, a person walking on the 
deck of a ship has an actuaT velocity which may be 
said to be compounded of three velocities viz.\ that of 
the ship, of the current and of his own on the deck. 
When a body has two or more simultaneous velocities, 
the velocity with which it actually moves i^s called 
the EesULTANT velocity, and those several velocities 
are called the COMPONENTS. The process of finding 
the resultant velocity when the component velocities 
are given, is called compounding the velocities. 

To compound velocities in the same straight line — 

0 A B 

m -I- > ... —» 


a- 


*— 

C 


B 


A 




Fig. 22. 

Vo’^ocities in the game line. 

If a hod^y moves with several uniform velocities in 
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the same straight line, the resultant velocity will be 
the algebraical sum of the component velocities. Thus, 
if a body tends to move from O to A in one second 
(Fig. 22) due to a velocity Ui and from A to B in the 
same line in one second dhe to a second velocity w?,. 
then at the end of one second the body will be found 
at B, as if it had moved with a velocity Ui±u%. 
Suppose the velocity of a stream is 2 miles per hour 
and a man can row a boat through still water at 8 
miles an hour, then the actual velocity of the vessel 
is 6 or 10 miles an hour according as the vessel is 
sailing up or down the stream. 

In the case of variable velocities, i.e., velocities 
with acceleration, in the same line, the above remark 
is also true. 

To compound velocities, not in tJie same straujht 
Ime “ If a body has two different velocities in different, 
directions at the same time, it is evident that the 
actual motion of the body is along neither of these 
directions, but is along a line intermediate between 
them. Thus, if a man rows a boat at right angles to 
the current of a river, the actual course of the boat, 
is a line crossing the river in an oblique direction 
from one bank to the other. 

Let the two simultaneous velocities be represented 

by the lines OA and 
OB (Fig. 23), and let 
their magnitudes be u 
and V. Now we may 
imagine the body mov¬ 
ing with the velocity ti 
along OA, while the 
line 0&> moves with 
velocity v parallel to 
itself. At the end of 
one second, the particle 
• would be at A due to 
the first motion, but owing to the'motion of' the line 


B C 



Parallelogram of Velocities 
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•OA, the point A at the end of one second will come 
to C. Thus the body will be at C. 

Now, since the component velocities are uniform 
i.e., constant in magnitude and direction, their resul¬ 
tant must be a uniform velocity.* In other words,' 
the velocity of the body from O to C must also be 
constant in magnitude and direction. Hence the 
straight line OC represents the resultant velocity. 

We have, from the above, a rule for finding the 
resultant of two velocities, known as the Parallelo- 
I gram Law. Tf a particle possesses simultaneously tivo 
velocities represent^ in magnitude and direction by 
the two adjacent sides of a parallelogram drawn from 
a-poini, they are equivalent to a single resultant velo- 
; city, also represented in magnitude and direction, by 
^.the"diagonal of the parallelogram passing through that 
point. 

t Expression for the Resultant Velocity. —Let us 

find out expressions for the magnitude and direction 
of the resultant of two velocities u and v inclined at 
an angle (Fig. 24). From the law of parallelogram 
■of velocities OC represents the resultant. Draw 

CD perpendicular to 

B C OA produced. 



-OA’ -1-2 OA.AD+AD* -HCD 
« OA* + 20A.AC .cos.o‘ + AC* 


(16) 
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If the resultant OC be denoted by r, we have 

. (17) 


r" *= w* +v‘^ + 2uv Cob « 


Ai ^ rir^A _CD CA sm CAD 

Also tan COA - - 

OD OA + CA cos. CAD 


V Sin 

u + v Cos « 


(18) 


Thus we see that the resultant of two velo- 
citi es ii and v inclined at angle “ is given by 
V+ v'^ + 2uv Cos “ and is inclined at an angle 


tan 


-1 


V Si nQ= 

u + v Cos« 


to the direction of the velocity u. 


If a body possesses simultaneously more than two 
velocities, the resultant velocity may be obtained by 
the repeated application of the parallelogram law. At 
first, the resultant R of any two of velocities is 
found ; then the resultant R 2 of E and anotlier of 
the given velocities, and so on. The last resultant so 
found is the resultant of all the velocities con¬ 
sidered. 

31. Resolution of a Velocity .—It is some¬ 
times convenient to replace the actual velocity of a 
body by two or more other velocities. In such a case, 
the velocity is said to be resolved into component 
velocities. Let a velocity r be represented by a 
straight line OC (Fig. 26 a). It is required to find 
its components, one along a direction OX and the 
•other along any other direction OY. Through C draw 
CA parallel to OY to meet OX in A and CB parallel 
to OX to meet OY in B. Then, since OBCA is a 
parallelogram, the two velocities u and v, represented 
by OA and OB respectively, would have a resultant 
OC, so that we may replace the velocity r by the two 
velocities u and v. Any given velocity may be re¬ 
solved in an infinite number of ways. 

k 

If o. and P be the inclinations to the resuliant r of 
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the components u and v respectively, then .we have, 
from geometry, 



Fig. 25{a) Fig. 25(b) 

Resolution of Velocities. 


L OCA = P ; and in the triangle OAC, 

OA „ AC _ OC 
Sin OCA Sin AOC Sin OAC 

_ r , 

’ Sin P Sin « Sin {tt “ (« + ^)} 

= ••• ( 1 ®) 
Sin {oL + 

These equations give the magnitudes of the com- 
])onents of a given velocity when their directions are 
given. 

The most important case in practice, however, is 
that in which the two components are at right angles 
to each other as in fig. 25 (b) and then each component 
is said to be the resolved part of the force in the 
corresponding direction. 

Then and a +/8 = J ; so that, from, 

eqii. (19), u=r Cos and v — r Sin «, 

. for Sin (« + /?)=*! and Sin P = Cos a 
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32. Relative Velocity. - -It is sometimes desir¬ 
able to determine tEe motion of a body relative to a 
second body which is itself in motion. 

The relative velocity of one particle A with respect 
to a second particle B is the rate at which A changes 
ita jiositio.i relative to B. 

If the two particles are in motion with the same 
velocity, there is no change in their relative position. 
Hence the velocity of one, relative to the other, is 
zero. Thus a person in a train would, if he kept his 
attention fixed on a jjassenger in another train 
moving in the same direction with same velocity, and 
if he were unconscious of his own motion, considers 
the second person to be at rest. 

When the particles are in motion with different 
velocities, the relative velocity of A with respect to 
B is obtained by compounding with the velocity of 
A, a velocity which is equal and opposite to that of B. 

Let the velocity of the i>article A in Fig. 26 be 
represented in magnitude and direction by AP and 
that of B by AQ. Now it is clear that relative motion 
of two particles is not altered, if we impress the same 
velocity on both the particles ; for example, the rela¬ 
tive motion of two flies crawling on the window of.a 
railway train is the same, whether the carriag,e be at* 
rest or in motion. 


Imagine, therefore, that a 

R B 9 

.. I " -ri 



Relative Velocity. 

B is brought to resty while A 


velocity equal and 
opposite to that of 
B is impressed on 
the motions of A 
and B, represent¬ 
ed by AE for tho 
particle A and BE* 
for the particle 
B. The relative 
motion is unalter¬ 
ed. The particle 
moves with a velo- 


6—B 
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city which is the resultant of its own velocity and 
the reversed velocity of B. The apparent velocity 
of A is represented in the fiig. 26 by AS. 

When a man is running in a horizontal direction 
amidst a shower of rain, the drops'\vhich are falling, 
say vertically, appear to him to strike his face in a 
slanting direction. The explanation^ of this is clear, 
if we apply to each a horizontal velocity equal and 
opposite to that of the man. This brings the man 
to rest. The resultant velocity of a ram-drop is its 
apparent or relative velocity, in magnitude and direc¬ 
tion, with respect to the man. 

33. Angular Velocity .—Wlien a rigid body 
rotates round any straight line as its axis of rotation, 
all the particles, of which it may he regarded to be 
built up, move in circles around points on the axis as 
centres. 

The angular Velocity of rotation is measured by 
the angle which the radius, joining any particle to the 
centre of its path of rnotion, describes per unit of 
time. This angle is evidently the same for every 
particle in the body. 

The angular velocity is said to be iimforvi when 
equal £(;ijLgle,s a.re swept through in equal intervals of 
/tfffieotherwise it is variable. 

"“"'Let a body moving with uniform angular velocity 
describe an angle 9 in t seconds. Then 

= ^ and 0 = ... ... (20) 

The angle 9 is always expressed in circular 
measure, «. e., in radians. If s be the arc described 
in time t by a particle situated at a distance r from 
the axis, with a uniform speed v, then 

, r r 

'f ■ = trom eq.n. (20) 

^ when<»v = r‘^ ••• / ••• (21) 
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The linear velocity of any particle in. 
thus directly proportional to its distance ffpift ..the 
tixis ofrolEa'inonr, and is found by multiplying .the 
^.ngiiTar velocity by this distance. Thus in the case 
of^'Totatihg'wh'eer, a’point oh' the rim has a greater 
speed than one on a spoke. It is also evident from the 
fact that the former being situated at a greater dis¬ 
tance from the axle has to describe a larger circle in 
•exactly the same time in which the latter finishes its 
revolution. 


The angular velocity maybe exjp^i^^^gd in terms 
'of the nulfiber of turns per second. Let the bo(iy niake 
n turns per second. Since in one complete turn the 
angle turned through is 2:r, the angle turned through 
in one second or the angular velocity is given by 

= ... ( 22 ) 

If T is the time taken for one complete revolu¬ 
tion, we see that 


o>T = 2’r 


Or 





34. Motion in a Curved Path. —If a particle 
moves along a curved path, its direction of motion, 
which, at any instant is along the tangent to its path, 
•changes from point to point. Hence its velocity 
.alters continuously, even if the magnitude of the 
velocity remains constant. 

Consider a particle moving along a curved path 
ABCD (Fig. 27). Let the velocity -ri of the particle 
as it passes the point A be represented by the straight 
line AP in a direction tangential to its path at A. At 
the point B, the velocity has a different value Vt 
represented by BQ in direction and magnitude. 
Similarly let Vg and represent the velocities at the 
points C and D. 

From a point O dra^w straight lines Oa,,Ob, Oc, 
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0(1 to represent the velocities t's, aiid 4 both 

in magnitude and direction. Join ah, he, cd. 

The straight lines ah, he, cd represent the change 
of velocity occurring during the intervals between A 



Fig. 27 

]\Iotioii in a ciirvid path . hodograph. 


1 

and'B, B and C, C and D respectively. If ifi, ty, 
represent the times taken by the particle to mo\e 
from A to B, from B to C and from C to D, then the 
average acceleration during the respective intervals 


are, 


ah he , ed 
- , , and -- 

h U ^ 


If the points A, B, C and D are taken close together, 
the intervals become 


,, T ah he 
very small and , 

H H 


and — then represent instan- 
in 


taneous accelerations of the particle at these points. 
A smooth curve drawn thiough a, h, e, and d 
would then coincide with the lines ah, he, etc. Such 
a curve '.is called the hodograph of the motion of the 
particle. 

*. The acceleration of a body at any instant may 
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therefore be obtained from the bodograph of its 
motion })y takin^^ a short length of the hodograph at 
the instant under consideration and dividing it by the 
interval corresponding to this length. 

Uniform motioji in a Circle. —When a particle is 
moving ^iniformJy in a circle, there is no tangential 
acceleration for the magnitude of the velocity is 
constant. The only acceleration which it possesses, is 
always at riglit angles to the direction of motion, ?.c., 
directed towards the centie of the circle. This normal 
acceleration causes the direction of the velocity 
of the particle to change continuously from point to 
])oint on the circle. 

The magnitude of the normal acceleration can be 
found out as follows :— 

Let a i)article move with uniform speed v in a 
circular path (Fig. 28 ) of radius r. Suppose that at a 
certain instant the particle is at A and that it moves 
from A to B in a short interval of time t. It has a 


a 



velocity v along the tangent at A, Let the straight 
line Oa represent this velocity. At B also the velo¬ 
city of the particle is v but now directed along the 
tangent at B. Let Ob represent this velocity. Then 
<ah represents the change in the velocity in time t. 
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Hence the average acceleration / between A and 
B is given by 


/ 


a b 
t 


(24) 


Now the angle B betw^een the radii PA and PB is 
equal to the angle between the tangents to the circle 
at A and B, that is 

B = L a,Oh. 


Now since t is very small B is very near to A and 
LdOh is very small. In that case ah becomes equal 
to the arc of a circle described about O as centre and 
V as radius. Hence, 


angle aOh in-circular measure 


a i 

V 


AB 

Also B in circular measure — (r/.§2l) 


AB a b 
r V 


t ft 

or = from eqn. 


r 


V 


(24) 


or 


/ 



r 


(25) 


Here / is the average acceleration between A and 
B. But when, as has been mentioned above, t is 
indefinitely small, / becomes the instantaneous acce¬ 
leration of the particle at A, ?.c., at any point on the 
circle. Since it is always normal to the path of the 
particle, it is always directed towards the centre of 
the circle. 
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35. Simple Harmoiuc ftiption .—Let a point P X 
(Fig. 29) move in a circle of radius r and centre C with ^ 



Fig- 29 

Simp> Harmonic Motion 


uniform speed v. Let a per¬ 
pendicular PN be dropped 
from it on any diameter AB 
of the circle. Then, as the 
point P travels round the 
circle, the point N moves to 
and fro along AB. The 
motion of N is then called 
Sirnple Harmonic Motion or 
as it is usually abbreviated, 
S. H. M. It is, therefore, 
defined as the projection of a 


uniform circular motion upon a straight 

Examples of such motion are those of t^ e boh of 
aj^Qjudulum, the pron|^ifji,\.„vSmtin#-4aiiiing fork 
and so on. 


/■ 


It is evident that the time taken by P to complete 
one revolution is the same as the time taken by N to 
go from one end of the diameter AB to the other end 
and back. This time is called the of the S. H. 

M. Each complete to and fro movement is called an 
oscillation and the number of such oscillations made 
in one second is called the frequency of the S. H. M. 

The whole distance which N covers between the two 
extreme positions, 'i.c., AB, is called the rail|{e of the 
S. H. M. and half of the range v.c,, OB is called the 
amplitude. The angle PCN is called the phase at the 
instant considered. We see, therefore, that dp?*ipg 
one complete period the phase varies from 0 
to 2^. 

At any particular instant, the velocity of N is the 
resolved part of the velocity of P parallel to the dia¬ 
meter AB. Similarly the accelaration of N at any | ^ 
instant is the component of the accleration of P t ' 
parallel to AB. 
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V 

The acceleration of P is equal to and is always 

r 

directed towards the centre C ( cf. § 34 ). Let this 
acceleration be represented both vi magnitude and 
direction by the radius PC. Then its component 
parallel to AB will be represented by NC and its 
magnitude will be given by 

2 

V 

' * Acceleration of N = ' x Cos PCN 

r 


__v'‘ ^NC (from theParallelo- 
f. r PC’ gram Law.) 


The distance of N from the central or mean ])osition 
C is called the displacement of the point N. Thus 
we have 

v" displacement 

Acceleration of N = x 

r r 

o » 

= ^ ._,x displacement 


But 


since v ~ and = 



33), we get 


^ Acceleration _ 

^ Displacement T- 

~ Constant. 



Hence we arrive at the hiportant theorem : 

The, accelernUon of ct. parhch, 'luirlenjoiiKj nimple 
harmonic motion ts 'ahvayn ihrected towards the mean 
position and is proportirmal to the displacement of tlw 
\particlefroni that position. 

Exercise 11 

1. “Define motion. Name anrl explain the different forms 
oi motion. 
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2 Distinguish between Speed and Velocity. What is 

Angular Velocity ? [C.r— 1930] 

3. Define Uniform Velocity and explain how it is 
measured. 

4. What 18 meant by the statement that the acceleration 
of a particle is 32 ft per sec. per sec. 

5 A river, 1 mile broad, is running downwards at the rate 
of 4 miles an hour, and a steamer, moving at the rate of 8 
miles an hour, wishes to go straight across. How 'ong will the 
steamer take to perforin the journey, and ni what direction 
must she be steered [Lorid Miiric ] 

6. A train, moving with a velocity of 30 miles an hour, 
stops in 5 minutes as it approaches a station. Express the 
retardation assuming it to be uniform, and taking a foot and 
a second as the units of length and tunc 

7. A hall is thrown out of a wniidow of a railway cimage 
in motion. In what direction will it .seem to fall to a passenger 
m the tram and also to a per.'«:on on the ground 

8 At the earth’s equator the hot air aseeiuls and is rephicod 
by cold air which blows in along the ground from the poles. 
That which comes from our hemisphere blows from the north¬ 
east instead of from the North Explain this Jjoud MalriC ] 

9. A man is ivalking in the north-e.isterly direction with 
a velocity of fi miles per hour Find the components of his 
velocity in directions clui‘ north and due east respectively 

10. Show how to find by graphie il construction drawn to 
scale and also by calculation the resultant of the following 
velocities communicated to a point, viz , 2 ft per second in an 
easterly, 20 ft. per se cond m a north-easterly, and 30 ft per 
second in a northerly direction ^especil^ely 

11 Dohiie the angular velocity of a body moving uniformly 
in a circle. Find its periodic tune 

Show that the foot of the p.'^rpi ndicular drawn from the 
body to a fixed diamettr of the circle describes a S. H INF. and 
hence define such a motion. i C. U. — 1933. ] 

12. Explain what is meant by a hodograph. Describe the 
hodograph of the motion of a partude moving uniformly in 
circle. 

13 Exp'ain S. H. l\r. and give two examples illustrating 
your answer. Explain the terms, period, phase and 
amplitude. [C ('—1935 ] 
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36. Force- —A material body in said to be iriert» 
i.e., It cannot of uself move when it is at rest, 
nor can it come to rest when it is already in motion. 
To change its state of rest or of uniform motion in a 
straight line it must be acted on by some external 
agency. Force is the name given to this agency and 
may he defined as whatever causes or tends, to cause 
motion or change of motion in a body. 


When one kicks a football be exerts muscular force 
on it which makes it move. When a ball is running 
towards tlie goal somebody has to exert force on it to 
change its course. The direction and magnitude of 
the velocity with which the ball subsequently moves 
depends on the direction and magnitude of the force 
and also on the particulur point at which it is applied. 
This latter is called the point of application of the 
force. 


Representation of a Force —In order to define a 
force completely, it is necessary to specify 

(i) its Point of Application, 

(ii) its Direction and 

(iii) its Magnitude. 


It is, therefore, a_v.ector quantity and, like a 
velocity, can^be reiiresented by a straight line, for 

(i) one end of the line represent the xjoint 
of application of the force ; 

(ii) the direction of the line gives the direction, 
or line of action of the force. The sen'Be of the 
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•directioii may be indicated by an arrow-bead drawn 
on the line ; and 

(iii) the number of unit of length on the line 
gives a measure of the magnitude of tlie force. 

37. Composition of Forces acting at a 
point :—If two or more forces act at a point in a 
body, they can always he compounded into a single 
resultant w'hicli is equivalent to all component forces. 
The method of composition of forces is exactly similar 
to that of velocities. 

Forces Acting in a Straight Line.— If two forces, 
say P and Q, act at a point aloTifi the same 
straight hue, their resultant K is obviously equal 
to their sum, if they act in the same direction, or 
-equal to their dillerence, if they act in opposite direc¬ 
tions ; in the latter case, the resultant acts in the 
same direction as that of the greater force. 

If a number of forces act at a point along the 
same straight line, the forces acting in one direction 
may be considered positive and those in the opposite 
-direction negative, and then the resultant of the forces 
is given by their algebraic sum. 

Forces inclined to one another.— If two forces, 
say P and Q act at a point in directions in¬ 
clined to each other, their resultant is at once obtain- 

-ed by the parallelogram law. 

The law of parallelogram of forces states that : 

, Tf two forces acting at a jwint be represented in 
magnitude and direction by the tivo sides of a paral- 
I leldgram dratvn from one of its angular points, their 
j resultant is represented both m magnitude and direc- 
' tiOik Iw di^ 90 ‘}ial of the parallelogram passing 
\ through that af^gular point. 

Thus let^ny two;forces P and Q acting at a point 
O be repr^^itited both in magnitude and direction by 
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the two straight lines OA and 



Fig. 00 

Parallelogram of forces 

The Magnitude of R :— 


OB. Complete the 
parallelogram OA- 
CB with OA and 
OB as the adjacent 
sides. Their resul¬ 
tant R is repre¬ 
sented both in mag¬ 
nitude and direction 
by the diagonal OC 
passing through 0, 

I Fig. 301. 


The mag'nitndc of the resultant may be obtained 
j,u*aphically by measuring the diagonal OC on the 
same scale on which OA and OB are measured. We 
4ilso have, from Geometry, 

OC" ^0A- + 0B‘ + aOA. OB cos A OB 
Substituting, we have 

E^ = P' + Q-+2PQco8<x ... ...(27) 

where « is the angle between the directions of the 
two forces. 


If in a particular case the forces act at right angles 
to each other, we have 
« = 90 and cos 90" = 0. 


Hence, the expression for B in the formula reduces 
to B~=P“+Q“. ... ... (28) 

These equations give the magnitude of the result- 
.ant when the component forces and their inclinations 
are known. 

When more than two forces act at a point the 
resultant can be calculated first by compounding any 
two of the forces in the above way and finding their 
resultant El. This latter is then compounded with 
another of the given forces to yield a second resultant 
Ey and soon. The final resultant E, when, all the 




BO GENKKAL PHYSICS [IV- 

coniponetit forcres arc exhausted, fiives the resultant 
of the whole system of forces. 

Practical Verification : 

The truth of the law of parallelof^ram of foices 
may be verihed experimentally in the following 
manner : 

Expf. 1 Take three 
strings and knot them 
together at a point () 

Attach to their cuds any 
three weights P, Q and 
R (any two of which are 
together greater than the 
third). Let one string 
be suspended freely with 
its weight R, and li't the 
other two pass over two 
smooth iight pulleys I'l 
and P.j placed at the 
corner tops of a vertical 
boird ns in fig. Ml. 

When the suspended 
system a.ssumes a poi>i- 
tion of equilibrium, mark 
on a piece of paper fixed 
on the board, the direc¬ 
tions of P, Q ..nd R, Take off lengths OA ..nd OB proportional 
to the magnitudes of P and Q respectively. Draw OC in a 
direction opposite to that of R so that the length OC is propor¬ 
tional to the magnitude of R on the s me scale, i.e., OC repre¬ 
sents a force equal in magnitude but opposite in direction to* 
the weight R. 

Now since the point 0 is in equi'ibrium under the action 
of the three forces P, Q and R, the result mt of P and Q must be 
equal and opposite to R. In other words, the resultant of the 

forces represented by OA and OB must be represented by OC. 

Join CA and CB. It will be found that the figure 

OACB is a paralig’ogram of which OC is the diagonal passing 

through 0. Hence the law is proved. 

36., Tmngle of Forces. —When two or more- 
forces acting at a point are in equilihrnim, i.e., do not 
njoiion, then any one of these forces is said 




Pi 



Fig. Ml 

Illustrating the Parallelogram 
of forces 
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to be the equilibrant of the remaining ones. Evidently 
the equilibrant of a number of forces must be equal 
and opposite to their resultant. 



and DA are in equilibrium. 


Let AB and AC 
^ (Fig.32) represent two 

forces. Complete the 
liarallelogram ABDC ; 
join AD. From the 
parallelogram law the 
diagonal AD represents 
the resultant of these 
forces AB and AC. 
Hence DA represents 
their equilibrant. That 
is, the forces AB, AC 


Now ABDC being a parallelogram, CD is equal 
and parallel to AB. Hence the force represented by 
AB may also be represented by CD both in magnitude 
and direction but not in position. Consequently the 
three forces represented by AC, CD and DA are in 
equilibrium. We thus arrive at the important theorem. 

If three forces acting 07i a jyarticle ca7i be represent¬ 
ed both m maepiit'itde emd direcUo7i by the three sides 
of a triangle taken in order, then the forces are in equih- 
hrium. 


This proposition is known as the triangle of forces. 

39. Polygon of Forces. —Let AB, BC, CD and 

DE in fig. 33 represent in magnitude and direction 
four forces acting at a point. Join AC. Then by the* 
triangle of forces CA represents the equilibrant of 
AB and BC. In other words AC is the resultant of 
AB and BC. Similarly AD is the resultant of AC 
and CD, i.e„ of AB, BC and CD. In the same way 
AE is the resultant of AD and DE i.e., of AD,. 
BC, CD and DE. Hence the force represented by 
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EA must be the equilibrant of the four forces AB, 

We thus arrive at the 
law known as the poly¬ 
gon f)f forces, which is 
stated as follows. 

Tf any nvmhcr of 
forces acting on a pf/r- 
ticlc can he represented 
m magnitude and direc¬ 
tion by the sides of a 
closed j^olygon taken m 
order, then the forces 
irill he tn equilibrium. 
If the lines rejmescnting the forces do not form a com¬ 
plete polygon, then the forces will hare a resultant 
which ivill he represented by the line joining the open 
ends, the direction being from the open end of the 
first side towards that of the last. 

40. Resolution of Forces. —Just as we can com¬ 
pound two or more forces into a single resultant, so 
conversely we can resolve a single force into a number 
of components, which are together equivalent to it. 


BC, CD and DE. 



Fig. BB 

Polygon of forces 




, ■ ;Pig 34(a) Fig. 34(b) 

Resolution of forces 

'To r|«olv6 a force into its components in any two 
given i|ir^tion9, drsw a straight line OC.to represent 
the given force R (Fig. 34 a). Through 0 draw OA 
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and 


parallel to one of these directions and through C, draw 
CA parallel to the other. Now complete the parallelo¬ 
gram : then, by tlie parallelogram rule, the forces OA 
and OB have OC for their resultant and are, therefore, 
tlie required compoiifnts. 

Let tlie component forces represented by OA and 
OB be denoted by P and Q respectively. If « and /? 
be the inclinations of OA and OB to OC. then, from 
geoinetrv, 

OA AC ^ O C 

Sin OCA Sin COA Sin OAC 

But AG = OB 

LCOA= « 

A OCA- /3 

and /. OAC-TT-(« + /?) 

. J)A ^ OB ^ OC 

Sin ^ Sin « Sin + 

OC 

Sin (o + 

^ — ... (29) 

Sin ^ Sin « Sin(« + /3) 

These equations give the magnitude of the com¬ 
ponents when that of the given force and the res¬ 
pective inclinations of the required components to it 
are given. 

The simplest and the most important case of the 
resolution of a force is that in which the tw^o com¬ 
ponents are at right angles to each other. In that 
case (Fig. 34 b), 
a + j3- 7r/2 

and sin ^ = sin ('^/2 - “>) 

= Cos « 

• • 

Cos ^ sin « 

\ 

t.e,, P = E Cos « and Q = E sin . (30) 


(29) 
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Examples : 


Ab an example of the resolution of forces, wc may take the 
case of a boat sailing partly against the wind. Let AB (Pig. 35^ 

be the direction of the boat’s, 
length, CP the direction of the 
sail and \VC that of the wind. 
We take CE to represent the force 
the wind would exert on the sail,, 
if it were placed at right angles, 
to the direction of the wind.. 
Resolve this into two compo¬ 
nents, one perpendicular to CP, 
£ and the other along CP. The 
former component CF only is 
efiicacioub in exerting a pressure oiv 
the sail ; the latter being directed 
along the surface of the sail has no. 
effect on it. Now resolve the force 
CP along and across the boat. The 
pjg^ 35 ^ component CK along the boat, 

causes it to move forward, while 
The sailing of a boat. component CH across the boat 

Uiids to make it move through 
water in a direction perpendicular to its length. 

A kite at rest in the air is another example. The kite bhowDi 



Fig. 86. 

Forces acting on a kite at rest in the air. 

in seotioD (shaded) in fig. 86 is acted on by two downward! 
forces, ona.iii due to its own weight represented by KA and 
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the other due to the pull T along the string represented by 
KF. The resultant of these two forces is represented by KG 
acting downwards. The force of the wind represented by PK on 
the kite may be resolved into two forces, along and perpendi¬ 
cular to the face of the kite. The former component being along 
the face of the kite exorts no force on it. It is only the latter 
component, i.e., the one perpendicular to its face which tends 
to move the kite up. If this equals the resultant KC, the kite 
is at rest ; if it be greater, the kite risc.s ; if less, the kite falls 
{F.g. 30). 

41. Moment of a Force :—If a body be so 
situated that a line in it is kept fixed, so that the 
body cannot move out of its own place, i.e., cannot 
undergo trnnsJat'wn, but is free to rotate about that 
line, then any force applied to it in any direction not 
passing through the line will cause rotation. 

The rotatory effect of a force depends on 
(i) the magnitude of the force, 

and (ii) the perpendicular distance of its line of 
action from the fixed axis, generally 
called the axis of moment 

Consider, for example, a door turning about its 
hinges. It I’equires a much smaller force to open or 

shut the door, if the 
force be applied in a 
direction perpendicular 
to the door at a consi¬ 
derable distance from 
the hinge outwards 
than if applied near to 
the hinge. 

The tendency of a 
force to produce rota¬ 
tion about a fixed axis 
is called its moment 
and is measured by the 
product of the raagpitud® of the force ,and the 




86 


GENERAL THY SICS 


[IV- 


length of the perpendicular from the axis to the line 
of action of the force. This latter is called the arm 
of the force. Thus if be the force acting on a rigid 
body capable of rotating about an axis through 0 
perpendicular to the paper and OA be drawn perpen¬ 
dicular to the line of action of , then the moment 
of Fj = Force x arm = Fi x OA. 

Hence the moment of a force about a point 
vanishes when either 

(i) the force itself is zero, i.e., Fi =0 

or (ii) the line of action of the force passes 
through the point, i.e., the arm = 0. 

Further, the moment of a force is regarded as 
positive, if it tends to produce rotation in the anti¬ 
clockwise direction, and as negaivve if it tends to 
produce rotation in the same direction as tlie hands 
of a watch move. Thus in fig. 37 the moment of Fx 
about O positive, while that of Fi about 0 is negative. 

Principle of Moments - It is evident from the 
above that if a rigid body, movable about a fixed 
point, is kept in equilibrium by two forces in any 
plane containing that point, the moments of these 
forces about the point will be equal and opposite. 

In general, if a body be at rest under the action of 
several forces in the same plane, the total moment of 
all the forces about every point in the plain is zero, 
I.e., the clockwise moments are equal to the anti¬ 
clockwise moments. This principle is known as the 
law of moments and is of great use in finding the 
magnitude or direction of some unknown force acting 
on a body which is at rest. 

42., Composition of Parallel Forces —Forces 
whose lines of action are parallel, are called parallel 
forces. ‘ They are of frequent occurrence in practical 
mechatiics. 

Parallel forces acting in the same direction are 
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said to bo like and those acting in opposite directions 
are said to be unlike. 

The resultant E of two like parallel forces P, Q, 
acting at A and B respectively, must evidently be 
equal to their sum, t.e., E = P + Q, and must act in the 
same direction, the line of action of the resultant ly¬ 
ing between those of the component forces. It can 
be proved that its line of action meets the line AB in 
a point G, such that 


Or 


PxAG = QxBG 
P ^BG 
Q AG 


In other words, the point G divides the line AB 
mternally (Fig. 38a) in the inverse ratio of the forces. 



Fig. 38 

Composition of parallel forces 

The resultant E of two unlike parallel forces P, Q, 
acting at A and B respectively, is equal to their differ¬ 
ence i.e., E = P - Q (assuming P to be greater than Q), 
and acts in the direction of the greater force P. It 
may be proved that it acts at a point which divides 
AB externally (Fig. 38b) into parts which are in the 
inverse ratio of the forces, i.e., 

PxAG=QxBG 

It follows that the resultant is, in both the cases^ 
nearer to the greater forc^. 
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In both the cases, draw a line aGB through G in 
a direction perpendicular to the line of action of the 
parallel forces, so that a and h are on the lines of 
action of P and Q respectively. Then, from similar 
triangles, AGn and BGf), we have 


or 

or 


AG^nG 
BG /;G 

Q ffcG 

BxaG^QxbG 


(31) 


i.e., the momentfi of P and Q about G are equal a7id 
opposite. 


Example 

Two masses weighing 3 and 7 gras, arc suspended from a 
uniform weight’ess rod 1 metre long. At what point will it 
balance ‘? 

Lot AB (Fig. 39) be 
the rod, the weights 3 
and 7 gnis. being sus¬ 
pended from the extre¬ 
mities A and B res- 
pectiyely. Ijet R bo the 
point at W'hieh it will 
b.alanco. Then, obvi¬ 
ously, the resultant of 
the two weights must 
piss through R. Hence, 
3x AR=7xBR 

=7X(100-AR), 
for AB=100 cms. 
whence 

AR=70 cms. 

Thus the rod will balance at a point 70 cms. distant from 
the extremity from which the weight of 0 gms. is suspended. 

43, Couple— In the previous article if the two 
unlike parallel forces be equal in magnitude, the resul¬ 
tant of P and Q iB zero. So no translatory motion is 
po^ssible. Such a pair of unlike equal parallel forces 



Fig. 89 

Balancing a rod 
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constitute what is called a Couple. The couple may 
have, however, a moment about any point so as to 
produce rotation. 

Let 0 (Fig. 40) be 
a point either between 
P and P, or outside 
® them. Draw OAB per- 
Iiendicular to the forces. 
Then the algebraic sum 
of the moments of the 
two forces P and P 

about 0 

= P. OBtP.OA 

= P. (OB ±OA) = P.AB ... (32) 

the perpendicular distance, AB, between the forces 
is called the arm of the couple and is a constant. 

Hence the moment of the couple about 0 is 
independent of tlie position of 0, and vanishes only 
il either a force of the couple or the ai’in vanishes. 

As an examiile of couple action, we may cite the 
■case of the earth’s magnetic action on a magnetic 
needle. If the needle be displaced from the magnetic 
meridian, it quickly returns to it indicating thereby 
tluifc the earth’s action on it is in the nature of a 
couple. 



Exercise III 

1. The greatest re.sultant of two forces is 31 lbs. and the 
-least is 17 lbs ; what is the resultant when the two forces act 
at right angles to one another ? 

2. Forces 6 lbs,, 8 lbs., and 10 Ib.s. act at a point in direc¬ 
tions parallel to the sides of an equilateral triangle talcen in 
'Order. Find their resultant. 

8. A man carries a bundle at the end of a stick over his 
shoulder. If the distance between his hand and the bundle be 
kept constant, and the distance between his hand and shoulder 
•be varied, how does the force on his shoulder change ? 
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4. Two meu carry a load of 1 cwfc. subpcnded from a hori¬ 
zontal uniform pole 1'2 ft long, wliose weight is 20 lbs. and 
whose ends rest on their shoulders. Where must the load be 
suspended in order that one of them may bear Hi lbs, of the 
whole weight ? 

T). A uniform rod, 4 ft. Jong and weighnig IG lbs., rests on a 
horizontal table with one end projecting 8 inches over the 
edge. Find the greatest weight which can be hung on the 
end without making the rod topple over. 

G. ICxplain how a kite rests in air. 

7. Define moment of a force about a point. What is the 
principle of moments ? 

8. What is a couple Show' that the moment of a couple 
IS independent of the position of the point about which the 
moment is considered. 
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CHAPTER V 


/ THE LAWS OF MOTION 

So far we have dealt with the motion of bodies 
and with the forces acting on them quite apart from 
one another. In Chapter III we considered motion 
without any reference to the force producing it and 
in the last Chapter we considered force quite apart 
from the effect produced by it. We have now to 
consider motion or change of motion in relation to 
the force which causes it and to the mass in which 
it occurs. 

44. Newton’s Laws of Motion. —In the latter 
part of the 17th. Century Sir Isaac Newton, an 
English philosopher enunciated three fundamental 
laws on force and motion on which the whole of 
dynamics is based. These laws do not admit of direct 
proof but are more or less of an axiomatic nature. 
They are, how^ever, capable of explaining in every 
detail all observed facts relating to mechanics and 
are, therefore, accepted to be true. For instance, the 
motion of all heavenly bodies across the sky can be 
successfully explained by these laws and calculatioiis 
based on them enable astronomers to make 
predictions so accurately that their validity can 
hardly be ignored. 

45. The Firit Law of Motion .—Every body 
ccntinues %n its state of rest or of uniform motion in a 
straight line except in so far as it is compelled by 
external impressed forces to change that state. 

The law consists of two distinct parts. ‘ The first 
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part of the law states that any body or a piece of 
matter is inert, i.e., is unable by its own action to 
change its own state of rest or of motion. If it be 
at rest, it must continue to be at rest ; and if it be 
in motion, i.e., if it be moving in a certain dir^iction 
a t a c ertain rate, it cannot, of itself, change its direc¬ 
tion or the rate of motion. This property of matter is 
called inertia and hence the law is sometimes 
called the law of inertia. 

That a body at rest continues to be at rest in the 
absence of external forces is self-d^ident. A book 
resting on the table remains at rest unless it is raised 
up or pushed sideways. A football placed on the 
ground cannot move of itself but remains stationary 
unless kicked off by some one to make it move. But 
the statement that if a body be in motion it continues 
to he in the state of uniform motion in a constant 
direction in the absence of any external force is not 
so self-evident at first sight. For instance, a football 
kicked off from its position does hot move on 
uniformly in a fixed direction for ever. In fact it 
gradually comes to rest and probably changes direc¬ 
tion during its flight. It seems at first sight, there¬ 
fore, that this is ojiposed to the above statement. A 
little consideration, however, shows that one cannot 
isolate the ball from external forces, such as the 
friction of the ground, that of the air, the gravita¬ 
tional, j)ull ,of the earth and the force of the wind. 
It is these forces which retard the forward motion 
of the ball and possibly cause it to change its direc¬ 
tion. If the wind does not blow and the ball moves 
in air the direction of motion does not appreciably 
change latpally. If, in addition, the earth's pull 
were absent and the space above the ground were 
complete* vacuum there would have been no retarda¬ 
tion and the ball would move on uniformly with the 
velocity inipa^ted to it by the kick. If the ball 
moves a^gthe si^rface of the earth an additional 
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force due to the friction of earth conies into play and 
it stops more quickly. We see, tlierefore, that the 
presence of external intiuences, not at once apparent, 
alwliys' Trajifedes the uniform rectilinear motion of 
bodies which would otherwise continue ^or ever in 
theff"al3sen"ce. 


Numerous illustrations of the hrst law of motion 
are available in our daily life. When a motor bus 
suddenly starts off, n p'assen^^er standing on its floor is 
tin own hnckwards. This is because the body of the 
passengej- is at rest when the bus is at rest. When 
the latter starts, the feet of the passenger which are 
in im mediate contact with the floor of the bus share 
itTlirrrfflTfff"While''the upper part of his body tends to 
continue in its previous state of rest, thus resulting in 
tlie liackward fall. If a coin is placed on a card wliich 
rests on the top of a tumbler glass and the card is 
quickly flicked away, the coin, due to inertia, remains 
stationary in its own position until the card moves 
away from beneath it and then drops into the 
glass. 

Similarly, when a tram-car in motion suddenly 
stojis, a passenger standing on its floor exjieriences a 
forward throw. For, when the car is moving, his 
whole body shares its motion. When it is suddenly 
stopped, the floor of the car and the feet of the 
passenger come to rest while the upper part of his 
body continues to move with the original velocity in 
the forward direction, thus throwing him in the 
direction of motion. 


The second part of the law serves to define forcc. 
It states that the state of rest or of motion of a body 
will change only under a certain condition, when 
a force is impressed upon it. We may, therefore, 
-define force as that which produces or tends to produce 


being regarded as motion with zero 


ty; the 
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change of motion including any change in direction or 
of speed, or both. 

It is to be remembered, in the interpretation of 
the law that when a body is not acted upon by a 
force, it must be in one of the two states of (1) being 
at rest, or (2) having a uniform motion in a straight, 
line, either of which signifies that there is no ckanje 
in the motion of the body. Further, 
bring about a change in the state of rest or of motion 
are impressed from outside or external 
forces, and not stresses or internal forces between the 
[parts of the body, for these latter cannot change the 
state oi a body taken a,s a whole. 

46. The Second Law of motion. —The rate 
of change of momentum is projjortional to the impressed 
motive force and the change of momentum takes place 
in the direction in which the force acts. 

* This law introduces the idea of momentum or 
/“quantity of motion” as it usually signifies and also* 
fprovides with a quantitative definition of force. 


^ —If two balls of diffe^-ent masses 

are auowed to fall on the hand (supposed to be fixed 
in position) from a certain height, one after another, it 
will be seen that the heaveir ball strikes the hand 
with greater force than the lighter one. Evidently, 
the velocity acquired by both the balls (in falling 
through the same height) is the same (see § 26) so 
that the difference in the violence of impact must be 
due to the difference of masses. 


If now the same ball is allowed to fall from two- 
different heights it will be seen that the force with 
which it strikes the hand is greater when it is dropped 
from the higher level than when dropped from the- 
lower level. Here, the mass is the same but the* 
velocity a^nired in the former case is greater than in 
the lattier. Hence th$ difference in the violence of 
im|J|| 0 t must be due to the diffefence of velocities. 
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We thus see that the 

on two things, the mass An3‘'fhe*''velocity of the im- 
pi%^igi5o(3y. In fact it is proportional to the product 
oT't^'tWb. This producr“is'called the momentum. 
We.'^tlierefore, define momentuin of a body as that, 
property which tt possesses mj virtue of its mass ana > 
its^velocity and which is measured oy the product of / 
these two qiftantities. 

If' / 

Hence a^hange of ipomentum impji§s a change 
of mass or a change of velocity or b^h. "Bui the 
mass of a body is always constant, so that any 
change of momentum of a moving body is only due 
to its change of velocity and, therefore, we can write 

■I ■*«» 

Momentum = mass x velocity 0^ H', 
and Kate of change of momentum 

= mass X rate of change of velocity 
= mass X acceleration. 

Since the momentum of a body depends on its 
velocity, it must be a yectoy qu j|ntitv. A body 
moving due north with a certainv^ocilEy tias a momen¬ 
tum equal and opposite to that which it possesses 
when moving due south with the same velocity. 
The unit of momentum is the momentum possessed 
by unit mass moving with unit velocity. 

^ ill *■, 4f» 1 ■‘ 

mass m be moving with an initial vlocity u and let a 
force P act on it in the direction of its motion. The 
action of the force wnll be to change its momentum, 
i.e., its velocity, so that after a time t its velocity 
wnll have some new value v. We have then 


Change of momentum in time t =mv-' mu 


.'. Rate of change of momentum = 


mv - mu 


B—7 
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By the law, 

Pis proportional to wK- 

i.e., P ^ mf 


V ~u 

t 


lovf— from eqn. (4) 

I 

Or P = k mf ... 



Hitherto we have ineasured the force P in any 
arbitrary undefined unit. But if we dehue the ublt 
of forc^as that which when acting on unit mass produ¬ 
ct udft acceleration we have P — 1, wlien m = l and 
/=1, so that from ecpi. (38), k becomes equal to 1. 
We can then w^ite 


P 

which is known as the Fundamental Ktnehc 
Equation. 



Units of Force —The unit of force in the F. P. S. 
system of units is that force which' produces an 
acceleration of 1 ft. per sec. per sec. in a mass of 
1 fl). This unit is given the special name of a poundal. 

•ii'' 

The unit of force in the C. G. S. system of units 
is that force which produces an acceleration of 1 cm. 
pe^: sec. per sec. in a mass of one gramrhe. This 
unit is called the dyne. j 

The jabove units of force are called dynamical or 
absolute units for they are absolute constarilsr There 
is andt^r system of units of force called the gravita- 
^ tional units, in whicli a unit of force is the force with 
which unit mass is attriirCted by the earth towards it, 
i.e.j is the weight of a unit mass. 

* In the F. P. S. system, the gravitational unit of 
iorc© is the weight of a pound of matter or a pound- 
^ weight. (ib. wt.). 

^n the 6. G. 8. system, the gravitational unit of 
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force is the weight of a gramme of matter or a 

gramme-weight (gn]. wt.). 

Evidently the gravitational unit of force varies, 
though slightly, from place to place, for the weight' 
■of a body varies* from place to place (see § 57). 
Hence the gravitational units are used only for 
practical purposes where the slight variation does not 
matter much ; thus engineers speak of forces in terms 
of tons weight or kilograms weight. 

But for scientific purposes it is necessary that a 
unit should be an absolute constant. Hence on 
scientific work the dyne or the poundal is always used 

as the unit of force. 

1 ., 

I BELATTON BETWEEN THE DIFFERENT 

UNITS 


A force of 1 poundal acting on a mass of 1 lb. 
produces an acceleration of 1 ft. per sec. per .sec. 

Now 1 lb. =453'() gins. ^ ^ - 

and 1 ft. =30‘48cms. 

A force of 1 poundal acting on a mass of 
453 6 gms. produces an acceleration of 
30’48 cins. per. sec. per sec. 

i.c., a force of 1 poundal acting on a mass of 
1 gm. ])roduces an accelenition of 
30'48 X 453'G cms. per sec. per sec. 

But a force of 1 dyne acting on a mass of 1 gm. 
produces an acceleration of 1 cm. per sec. per sec. 

1 poundal ~453’6 x 30'48 dynes 
. .. = 13B25'7 ’ 

;Dimension of Force. —Since the dimensions of an acce¬ 
leration are [L] [T] ^ (§.27), therefore the dimen¬ 

sions of a force are, from eqn. (14), [M] IL] [T] 
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Principle of Physical Independence of Forces.— 

From the latter part of the law it is understood 
that if there are two or more forces acting simul¬ 
taneously on the same body, each force produces the 
same effect as if the other forces .were not acting. 
This is a fundamental principle of mechanical science 
and is known as the Principle Physical Independence 
of Forces. This gives us, for the composition of two or 
more forces, the well-known law of the Parallelo¬ 
gram of Forces, which is, as has already been seen, 
exactly similar to that of the Parallelogrm of Velo¬ 
cities. 

47. The Third Law of Motion —To every 

action there is an equal and opposite reaction. 

The terms ‘action’ and ‘reaction’ in this law 
apply to forces. Here action means the force which 
one body's exerts on another. The law implies that 
the second body B always exerts on the first a force 
in the same straight line, equal to the former in mag¬ 
nitude, and opposite in direction. This force is 
called the reaction of the second body on the first. 
This mutual action between two bodies is generally 
called a stress ; actions and reactions are thus merely 
the opposite asjiects of the stress between two 
bodies. The law is, therefore, called the law of 
reaction or the law of stress. 

To quote Newton’s own illustration.—“If a man 
liresses a stone with his finger, his finger also is 
pressed by the stone ; in other words, the stone 
resists. Here the pressure exerted by the finger on 
the stone is an action ; and the equal and opposite 
pressure exerted by the stone on the finger is the 

reaction.’.' 

*1 * 

Similarly, when a book rests on a table, it exerts 
a pressure (which isits weight), vertically downwards 
on the table ; at the same time, the table resists or 
exerts a ^pyssure vertically upioards on the book. The 
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former is the action, while the latter is the reaction. 
Since the book is at rest, the forces, «.<?., action and 
reaction must be exactly equal and opposite to each 
other. 

Again, when a*ladder is resting against a wall, it 
presses against the vrall which, if not sufficiently 
strong, may actually be overturned. The wall also 
exerts an equal force against the ladder, wdiich pre¬ 
vents the ladder from falling over, as it would cer¬ 
tainly have done, had there been no support in the 
same iiosition. 

It is evident from what has been said above that 
a force cannot exist by itself. It cannot act in any 
way whatsoever unless it calls into play an opposing 
reaction ; the magnitude of a force that can be exer¬ 
ted on a body is limited by the amount of reaction 
which the body can itself exert. One cannot, for 
example, support one ton w^eight on his umbrella. 

It is im])ortant to note that the law holds equally 
true wdiether the reacting bodies are at rest or in 
motion. 

The truth of this law is ajiparent in the case of 
objects which are at rest, as for example, a person 
standing on the floor or a boy trying in vain to move 
a standing motor car. But in the case of objects in 
motion the truth of the law is not so self-evident. 
Let us take the case of a horse pulling a cart. So 
long as the system does not move it is quite easy to 
see that the forward pull exerted by the horse along 
the traces on the cart is balanced by the backward 
pull of the cart exerted on the horse via the traces. 
But when the- system is set in motion, difficulty 
ai’ises. It is sometimes argued that since the horse 
pulls the cart, the forward force exerted by the horse 
on the cart along the traces must be greater than the 
backward force exerted along it by the cart on the 
horse. But this is not true. The forward and back- 
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ward forces actin^f along the traces are exactly equal. 
How does then motion set in ? The answer to this 
question can be best obtained if we consider the 
horse and the cart separately. 

Let us consider the cart first. The forces acting 
on it are (Fig. 41), 

(a) its weight acting vertically downwards 

{b) the upward thrust of the ground 

ic) the resistive force E due to friction acting 
backwards 

(d) the forward pull T acting along the traces. 

Of these, forces (a) and (b) balance each other. 
The cart moves when T>R. 




-->R 




mmmmmmmmmmm 

Fig. 41 

Horse pulling a cart. 


The forces acting on the horse are, 

{a) its weight acting vertically downiwards 

{h) the vertical component of the thrust P of the* 
ground which latter acts in the direction 
GH. 

ic) the horizontal component F of the thrust 
(d) the backward pull T. 

Of these,. forces (a) and (b) balance each other. 
Th^ horse hioves when F>T. So that although the 
baGkwA>rd pull on the horse along the traces is equal 
to the forward pull on the cart along the traces, there 
is no reagoii why the system cannot move, the only 
conditions for motion being T>E and F>T. 
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48. Uniform Motion in a Circle; the Normal 
Force. If a body moves round a circle with a uni¬ 
form speed, it passes over equal arcs in equal times. 
It is to be noted, as has already been stated, that 
though the speed remains constant, the direction of 
motion and hence the velocity is always changing, 
acting in a tangential direction at any point on the 
circular path. We have, from art. 33, the relation 
ta — vir, where is the angular velocity of the body 
about the centre, v, the uniform speed and r, the 
radius of the circle. 

A body once put in motion in any direction tends, 
ow'ing to its inertia, to move always in that direction 
with its velocity unchanged. Hence whenever a 
body is seen to move in a curved path, there must be 
some force urging it al’ways tow aids the centre of 
curvature of the curve. This force is called the 
normal force. 

Kxpt. 2. Tic a piece of stone to a 
string and swing it round in a circle by 
holding the other end. It will be felt 
that in order to keep the stone in its 
circular path, a force is to bo exerted by 
the hand along the string towards the 
centre of the path. If the string is cut 
off or let go, the stone ceases to be acted 
upon by the tension of the string and tends 
to fly off in a direction tangential to its 
circular path at the point where the 
stone was when the force towards the 
centre was made to vanish. 

Fig. 42 Magniilide of the Normal 

The normal force in Force \ In § 34, we have seen 
circular motion that if a body moves ^iniformly in 

a circle of radius r with a speed then the normal 
acceleration with which the body always tends to move 
towards the centre of the circle is given by 

/ = 



(35) 
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Now if the mass of the body be m, then the 
normal force urging it towards the centre is given 
by, from eqn. [34], 


• I 



r 



49. Centripetal and Centrifugal Forces.— 

The normal or the deflecting force, spoken of in the last 
article, which acts V2:)on the rotating body in a direc¬ 


tion towards the centre of curvature in**Tri-deV to 
coAstrain it to move in a curved path, is called the 


centripetal force and is equal to —- 

r 


Since every action is accompanied by a reaction, 
equal and opposite to it (Newton’s third law of 
motion), there must also be an equal force directed 
aioay from the centre ; this force is dalled tliC cen 

trifugai force and is also equal to - . It is a 

r 

force exerted hy the rotating body on the centre of 
curvature. Thus in the case of the stone in the 
string in Expt. 2 it is the force exerted hy the stone 
along the string and not a force acting upon the 
stone. It is due to this force that the string is kept 
tight against the centre of curvature. It is to be 
nqjjgd that if, in any case, the centripetal force 
vaiji^heSi its reaction viz., the centrifugal force does 
also vanish at once. 

Illustr&tions of the influence of centrifugal force 
are am^e- When a cyclist turns round a corner he 
invariabjy leans to the inside of the curve. (Fig. 43). 
Let the spteed with which a cyclist is rounding a 
curve of radius of curvature r be v. Then the cen- 
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trifugal force with which he is pulled away from tlie 

k> 

centre of curvature is where is the combined 

r 


mass of the cycle and the 
cyclist. To present a fall 
this force must he counter¬ 
balanced. This is done by 
the resultant of tlie onl> 
two forces acting on the 
system, viz., 

(i) the reaction R of the 
ground acting in the direc¬ 
tion GC 

(h) tlie weight W acting 
vert] ca 1 ly dow n w a rd s. 

Let tlie triangle ABC m 
fig. 44. I’epresent the forces, 

AB re])resenting the weight. 



Fi^. ^3 

Inclined position of a 
cyclist \^hen turning 
round a curve. 

BC tlie reaction of 


the ground and CA the centi'ifugal force which is 





])arallel to the jilane of the 
track (horizontal in this ]iarti- 
cular case ). 

We then have. 


/ . AC _ mv _ f 

w'' /r ^ AB '”"■ 7 ," 

/ forW^-mr/ (see 56), {/being 

/ tlie acceleration due to gravity. 

Q / Thus we see that the 

y greater the speed and the 

f shfJVper the curve ( i.e., the 

Q smaller the radius of curva- 

° ture r) the greater must the 

Fig. 44. cyclist he inclined to the 

Triangle representing 
the forces in Fig. 43 . ticai. 

The road-bed at a bend ui a railway line is often 
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incliiied, so tliat the oxiter rail is a little higher than 
the inner one. When a train rounds a curve, a part 
of its weight and the reaction at the flanges balance- 
the centrifugal force, called into play, when the* 
train moves in the curved path. Moreover, the 
action is helped by reducing the speed of the train 
at the bend. 

For a similar reason, a horse and its rider while¬ 
rounding the track in a circus always incline their 
bodies inward, and the greater their speed, the greater 
is this inclination. 

In looping the loop, or in the toy, called the 
Centrifugal Ilailway, the momentum acquired by the 
car in falling through a height and the reaction at^ 



Fig 45 

Tho Centrifugal Railway 


eacli point of the loop exei'ted against the car enable* 
It to round the bend. Similarly, if a small can of 
water hung by the handle is rapidly swung round in 
a vertical circle, no water will come out, even when, 
theyhott^jsif IS uppermost. 


Governors. —We have seen that the centri- 
\1 foVce tends a rotating body to dy away from the • 
'centre and is given by 


mv“ 2 
^— = mrw 
r 


(37) 


Hence if the a]>eed of rotation be increased the 
telfdeAcy’?to fly off will also increase thus urging. 
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the body to rotate in a larger circle. If the speed be 
decreased the body will tend to rotate in a smaller 



Fig. 4C> 

Watt’s Governor 


circle. This properly is utilised 
in what we call governors, i.e., 
appliances which automati¬ 
cally cortrol a motion. 

Fig 46 represents a portion 
of Watt's Governor which is 
used to regulate the supply of 
steam in some forms of steam- 
engines. Two heavy balls are 
fastened to arms hinged at the 
top on a vertical axis which 
is connected with main shaft 


of the engine to share its rotation. The mechanism 


for opening and closing the steam-port so as 


to vary the supply of steam is connected with the 
balls. When the engine rnns too fast, the balls 


rotate in wider circles and hence rise up and 
partially cut oil the supply of steam , when the 
speed is too slow, the balls fall and open the port. 
In this way, the engine automatically controls its 


own speed. 


25 



Fig. 47 

Gramophone Governor 


Another type of governor is used in gramophones- 
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to control the speed of revolution of the turn-table. 
It consists of three or four thin elastic strips S of 
metal fixed at their extremities on two collars C 
(Fig. 47). One of these collars is fixed on a spindle, 
T which shares the rotation of the turn-table. The 
other collar can slide freely along the spindle. A 
small metal bob B is fixed at the centre of each strij). 
A disc D attached to the movable collar presses against 
a brake-block K hold in position by a spring. The 
clock-work device of the gramophone tends to rotate 
the spindle with the maximum possible speed but 
the brake block pressing against the disc puts a limit 
to the hy off of the metal bobs thus keeping the 
spee<]j.down to any desired value. 

/ Flattening of the Earth .—The flattening 

the earth is believed to be caused by the action of 

centrifugal forces called 
into play by the rotation 
of the earth about its 

r 

owm axis. The earth, as 
is held })y geologists, was 
once in a. molten state. 
As it rotated about its 
axis, the materials com¬ 
posing the earth yielded 
to the centrifugal forces, 
wdiicli are greatest at the 
equatorial regions and 
negligibly small near the 
poles. The result w^as that 
the earth has become a spheroid having a bulging 
at the equator and consequent flattening at the poles 
(Fig. 48). • 

Fi|{. .48 represents a model to illustrate the flat¬ 
tening of the earth by rotation. It consists of a 
Gf^ntral rod that carries several thin elastic strips 
of metal in the form of a circular hoop. The 
is ’’fixed at the bottom and is attached to a 



Pig. 48. 

Illustrating the flattening 
of the earth. 
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collar at the top which can slide up and down 
the rod. 

If the rod is rapidly rotated, it is seen that the 
hoop is bent from its circular form and becomes 
battened at the top«and the bottom and bulged at the 
centre. 


Exercise lY. 

1. What do you mean by inertia ? Distinguish between in¬ 
ertia of rest and inertia of motion. Give examples. 

2. State and explain Newton’s First Law of Motion and 
show how a definition of force can be derived from it. 

3. State and explain Newton’s Laws of Motion. Show 
how a quantitative measure of force may be derived from the 
Second Law. 

4. State Newtoc’s Third Law of Motion. How does it hold 
in the case of a horse pulling a cart ? 

5. What is meant by a dyne and a poundal ? Find the 
relation between them. 

G. A force of 250 dynes acting on a body for one second 
imparts to it a velocity of 10 cm./sec. Find the mass of the 
body. [Ans.—25 gms.] 

7. A constant force acting on a mass of 20 lbs. for 2 secs» 

gives it a velocity of 8 ft./I sec. Find the magnitude of the 
force. [Ans.—80 poundals] 

8. A railway train running at the rate of 60 miles per hour 

stops completely in 5 mins. If the mass of train is 10 tons, find 
the magnitude of the retarding force, assuming it to be 
constant. [Ans.—18440000 poundals] 

9. What are centrifugal and centripetal forces ? Find the 

magnitude of the centrifugal force when a stone weighing 2 lbs. 
is swung round a circle of radius 10 ft. with a linear speed of 80 
ft /sec. [Ans.—180 poundals] 

10. A cyclist running at the rate of 48 ft./sec. turns round 

the corner of a track of radius of curvature 720 ft. Assuming 
g = 32, find the inclination which the cyclist must make with 
the vertical so that he may run without falling. [Ans.— 45°]! 
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GRAVITATION—FAiiLING BODIES 


52. Gravity .—It is a matter of everyday 
experience that whenever a heavy body is unsupported, 
it falls to the ground. And as it falls, its velocity is 
gradually increased ; in other words, the motion is 
accelerated. 


Since there is an acceleration or a change of 
velocity in the downward direction, it follows from 
Newton’s second law of motion that there is a force 
in this direction. Newton discovered that this force 
is due to the attraction of the earth on the body. This 
attractive force of the earth is called £rAyUy» and the 
acceleration produced by it is called acceleration doe 
to gravity, or simply the acceleration of gravity and 
is always denoted by the letter g. 

53. The Law of Gravitation. —The action of 
gravity is an illustration of and at the same time a 
particular case of the law of universal gravitation 

which was first stated by Newton as given below : 

Every particle of matter in the Universe attracts 
every other particle, along the line joining them, with 
a force which varies directly as the product of their 
masses and inversely as the square of the distance 
between them. 

This force of attraction is called gravitation. 

It follows from this law that two bodies of 
masses m and m' separated by a distance d attract 
each other with a force F which is given by 


F --G. 


mm 


s 


d 


... (38) 
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Where G is the constant of proportionality and 
is known as t^ gravitational constant. The value 

of G is 6T)4 X 10 ^ C. G. S. units, as obtained by 

C. V. Boys in 1895. If the masses of two bodies be 
knowJi and also their distance apart, the force of 
attraction acting ])etween them can tlien be cal¬ 
culated. 


Example 

1. Two lead brills, each ■weighing 30 ll)s, are .suspendr d by 
means of strings so that they arc 1ft. ap.irt. Find the force of 

attraction exerted between them ((1=0 0 X 10 " (1. G. S. 

units). 

Since G is given in C. G. S. units, the masses and distance 
should also be comerted into C. G, S. units. Thus we ha\e, 

m = m = 10 lbs. - 453‘6 x ] 0 = 4536 gms. 
d— 1ft. “ 30'48 c]iis. 

Hence the force of attraction F is given by 

F = g-^!N 


= 6T) 


g 4536x4536 
^ 30'48" ^ 


= 1'462 x10 ^ dune. 

Tins force is too small to produce an appreciable effect in 
any practical case, ft js only with very delicate instrnnients 
that the effect of attraction in such cases can bo detected and 
measured. 

54. Attraction due to Gravity. —In order to 
calculate the attraction exerted by the earth on a 
body, the whole mass of the earth is taken to be con¬ 
centrated at its centre (see § 67) and the body is 
considered as a particle because it is generally very 
small in comparison with the size of the earth. If a 
body of n^ass m be situated at a height h above the 
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surface of the grouud (Fig. 49) and if M and E be the 

mass and radius of the earth, 
then the force of attraction F 
between the two is given by 


B 


'•A 



Fig. 49. 

The earth attractiuf? 
a body 


F = G. 


M'??/ 

R- 


■p _ pi ____ 

(ACVAB)^' 


= G. 


(89) 


(R + Z/)'-^ 

When the body is within a 
few Inmdred metres above tlie 
ground, as is usually the case 
with experiments on falling 
bodies, h is negligible in com- 
l>arison with R which has a 
mean value of km. We can 
write, in such cases, 

... (40) 


The earth and the body will attract each other 
» with this force. But since tlie mass of the eai-tli is 
very great in comparison with that of any terrestrial 
object, this mutual attraction will cause tlie bodv, 
when uiisupiiorted, to move townirds the centre of tlie 
earth along the line joining the latter to the Itody. 
Tlie ea.rth will not move for, its mass being veiw' great, 
the acceleration produced in it by the attractive force 
is exti'emcly small. 

Weight of a Body —When a liody is raised above 
the ground, a dowmward force is experienced. This 
is due to the gravitational attraction exerted by the 
earth on the body and is commonly knowm as its 

I weightt Thus we may define the weit/ht of ahochin'i^" 
the f qrce io {th winch the body is attracted by the cfvtk 
towards its centre. 

We know that the vertical direction at any point 
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on the earth is the direction of the line joining tho 
centre of the earth to that point, i.e., the radius of 
the earth at that point. It, therefore, follows that the- 
weight of a body always acts vertically downwards. 
This explains why a plumb line always directs 
vertically. 

55. Acceleration of Gravity is the same for 
all Bodies at a Given Place —Since the attractive- 
force exerted by the earth on a body of mass m, 
situated at a small height above the ground, is given 

by G ^^[eqn. (40)] it follows, from Newton’s second* 
R" 

law of motion, that 


acceleration produced 
on the body 


attractive force exerted 

_on the body 

mass of the body 
Mm 

r. 


m 

G.M 

R- 


But the acceleration produced by the earth’s attraction,. 
i.e., the acceleration due to gravity is denoted by g, 
we may therefore write 


(7 



... [41]. 


Now G and M are constants and if we consider 
a particular place on the earth, R is also constant. 
Thus it is seen that the acceleraion due to gravity is 
a constant, i.e,, is the same for all bodies at the same 
place,'irrespective of their masses. 

We also have,from Newton’s second law 

W^mg.., ... ... ( 42 ^* 

i where W is the earth’s attractive force on the 
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body. i. e., its weight. Since g is & constant at a 
particular place, it follows from the above equation 
that the weight of a body is proporUonal to its mass. 

56. Variation of the Acceleration due to 
Gravity —We have seen above that the acceleration 
•due to gravity is the same for all bodies at a parti¬ 
cular place. Due to the peculiar shape of the earth 
which is flattened at the poles, the length of its 
radius varies from point to point. In fact it is about 
13'4 miles smaller at the poles than at the equator. 
Hence it follows, from eqn. (41), that the value of 
fy is greater at the poles than at the equator. 

If, in addition, we consider a point at a height 
above the surface of the earth comparable to the 
radius of the earth, we cannot neglect k in eqn. 39 
and then g is given by 


G. M 

(R + //) 


> 


Hence it is evident that the acceleration of a 
freely falling body at a considerable height above a 
point on the surface of the earth is less than its value 
at that point and that its value decreases as the 
height is increased. 


Example 

27 

Assuming the mass of the earth to be 5‘9 x 10 gms., 
the equatorial radius 6378 kms, polar radius 6367 kms. and G, 

6’64 X 10. C. G. S. units, calculate the value of g at 
0) the poles, (ii) the equator, (iii) a height of 1000 kms. 
above the equator and (iv) a height of lOOO kms. above the 
poles. 


GM 6' 64 X 10 Q X 5' 98 x 10^'^ 
(6367 X10“)“ 

= 985*4 cm!sec. ~ 


(0 g = 
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.... _ GM ^ 6 64 X 10 ® X 5’98_x 10^'^ 

™ E“ ' "'('6378’xl0'^)“ 

= 979-5 cmjsefr 

GM _6-64>'10~*^ X 5-98 X 10^'^ 
(in) (j - + ■ - ' XfaTOxlO*)^ 

= 682'9 cmi'fiec.- 


_ cai ^6-64x10 ^ X 5-98x10^7 

(B4-10- ■ "(7357x10®)- 

= 735’8 

The obsorvGcl value's of <j on tho surface of the earth at tliG 
equator and at the poles are respectively 97l)'0:^ and 983 4 
cm/ sec-. The mean value of n is taken to be 32':J ft. per sec. 
per sec. or 981 e-ms. per see. jier sec. 

57. Variation of the Weight of a Body .—Since 
the weight W of a body is pven by (cqn. 42) W = m<i, 
it is evident tliat as the value of (j is different at 
different jilaces on the surface of the earth and at 
different levels above it, the weight of a body also 
varies in the same way. It is minimum at the equa¬ 
tor and maximum at the poles and as the body is 
raised higher and higher up in space it decreases 
continually until it becomes inappreciable. 

There is another cause on account of which the 
weight of a body on the surface of the earth increases 
with increasing latitude. This is due to the rotation 
of the eafi’th about its axis. Owing to the diurnal 
rotation of'the earth, every body on its surface re¬ 
volves and is therefore subjected to a centrifugal 
force. If be the angular velocity of the earth and 
r be the radius of the circle in which a body on the 
surface ot the earth rotates (Fig. 50) then from 
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eqn. (36), the centrifugal force is given by 
where m is the mass of the body. 



Fig, 50. 

Variation of weight of a body due to earth’s diurnal rotation. 

A part of this force (the resolved part along the 
earth’s radius through the body) opposes the true 
weight W of the body, thus making it appear lighter 
than what it would he in the absence of the earth's 
rotation. This opposing force decreases with increase 
of latitude for two reasons. First, the centrifugal 
force diminishes with increase of latitude for the 
value r diminishes as we move towards the poles. 
It is greatest at the equator and vanishes altogether 
at the poles. Secondly, the portion of the centrifugal 
force which opposes the attractive force of the 
earth directed towards its centre, that is the true- 
weight of a body, decreases as the latitude is increased. 
At the equator, the whole of the centrifugal force 
opposes the weight of the body. At points near the 
poles, only a minute fraction of the centrifugal force 
is effective in opposing the true weight of the body. 
Thus what we ordinarily call the weight of a body is 
not its true weight but its apparent or effective 
weight. 
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y 58. Relation between Absolute and Gravita¬ 
tional units of force. —We have already seen (see 
46) that the gravitational unit of force is the weight 
of unit mass, i.e.., is the force with which unit mass 
is attracted towards the earth, ^his force' produces 
in it g units of acceleration. But an absolute or 
dynamical unit of force produces unit acceleration in 
unit mass. It follows therefore that 

1 gravitational unit = g absolute units. Hence, in 
the F. P. S. system, 

1 H). wt. = g poundals = 32’2 poundals. 

And in the C- G. S. system, 

1 gm. wt. = g dynes = 981 dynes. 

Since the value of g varies from place to place the 
magnitude of the gravitational unit of force also 
varies. 

59. The Guinea and Feather Experinent.— 

Since the acceleration due to gravity is the same for 
all bodies at a given place, it follows that every body, 
heavy or light, must fall, when unsupported with 
equal rapidity. 

But this is not in conformity with our common 
experience, as we are accustomed to see light bodies 
such as feather, pieces of paper, etc., fall very slowly 
to the ground, while a heavy body let fall from the 
same height reaches the ground very quickly. The 
difference in the rapidity of fall was formerly thought 
to be inherent in the nature of the materials of 
bodies. 

Previous to Galileo’s time men believed in Aris¬ 
totle (about 357 B. C.) who had said that a ten- 
pound weight would fall ten times as fast as a one- 
pound weight. Galileo, in the latter half of the six¬ 
teenth ofentury, wgued that two such weights, 
dropped from the same heights, would take exactly 
tfe0 same.titoe in falling to the ground. In the pre- 
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sence of the professors and students of the University 
•of Pisa he dropped balls of different sizes and 
materials from the top of the Leaning Tower of Pisa, 
180 ft. high, and showed that they fell in precisely 
the same time. IJe held that all bodies even the 
lightest would fall at the same rate, but for the 
resistance offered by the air to impede the motion of 
bodies, the resistance increasing with the extent of 
.surface exposed by the body. Thus the effect is more 
marked, the less the mass of a body and the greater 
the surface it presents. If, by some means or other, 
■‘this air-resistance be eliminated, all bodies, heavy or 
light, would take the same time to fall through a 
.given height. Modern Physics may be said to begin 
with Galileo who discovered the laws of falling 
bodies and the laws of the pendulum. 

Galileo’s conclusion that in a vacuum 
all bodies would fall with the same 
velocity,—could not, however, be put to 
test by experiments in his time, the air- 
l)ump not having yet been invented. 

After its invention sixty years later 
(1650) by Otto von Guebicke, the 
experiment was performed by NeWTON 
and is now well known as the * Guinea 
■and Feather' experiment. 

Expt 3. Take a large coin or a disc 
‘Of metal of about 2" diameter and cut a 
piece of paper slightly smaller than the coin. 

Hold these side by side at the same height 
■above the table and drop them simultaneously. 

The metil disc touches the table first and 
■ then does the paper. 

Now lay the paper on the top of the metal and 
•drop them carefully. Both reach the table (luinea and 
'.simultaneously. Here the metal disc overcomes Feather ex* 
4ihe resistance of the air which would otherwise peri men t. 
aretard the motion of the paper. 

Bepeat the experiment by placing the paper on the metal 
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disc such that part of its surf.Hce is exposed to the air. Now 
the paper will ho loft behind but not to the same extent as in 
the first case. 

Expt. 4. Fig 51 represents a stout glass tube about 
a metro long, c'osed by a cap screwed to on^ end, and is pro\idcd 
with a stop-cock at the other. Introduce a coin and a piece 
of paper or a feither into the tube. Exhaust the inside of the 
tube by meins of an air-pump. After closing the stop-cock, 
disconnect the tube from the pump. 

Invert the tube suddenly : the coin and the paper will strike 
the bottom simultaneously. Repeat this. 

Now introduce n htt'e air within the tube by opening the 
stop-cock for a moment. Invert the tube ag.iin : now the feather 
becomes slightly retarded m its fall. 

60. Experimental Determination of (j :— 

There are several nietliods of determiniiif,' the value 
of (/. The Inclined Plane and the Atwood’s Machine 
are employed for this purpose but the value of (/ 
obtained with these instruments is only approximate. 
The most accurate determination of ;/ is, however, 
made by means of experiments with the pendulum 
wllidh wdll be discussed later on ii. 94). 

*'^1. Laws of falling bodies. —Asa body, when 
unsu])i)orfert, foUs freely”'wTITrinrTn?iform acceleration 
<j, all problems concerning falling bodies may be solved, 
l)y the formulne established in art. 28 in which <j is to 
he substituted for/, the resistance of the air being 
neglected. 

If a body starts from rest, being simply allowed 
to fall from a height, w’e have for its velocity at 
time t 

v~(it ... ... (42) 

and for the space traversed 

' ^ ' h = hjt~ ... (43)' 

Fronl (42) ^ (43) 2g/t ... ... (44) 

From these equations and from art. 65 w^e may 
state.t^e fqllowiiig lawrs of falling bodies in vacuo, i.e.^ 
when; th^y experience no resistance :— 
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(1) . In a vacuum all bodies fall with egiial 
rapidity. 

( 2 ) . The velocity acquired by a falling body is 
proportional to the^duration of its fall i.e., v Thus 
if the velocity at the end of a second is 32 ft. per sec., 
that at the end of two seconds is 64 ft. per sec., at tlie 
end of 3 seconds is 96 ft. per sec., and so on. 

( 3 ) . The space traversed by a falhfig body m a 

(jtven time reckoned from the start is pro2)ortic7ial to 
the square of that time, i.e., k “ t'^. Thus if a stone 
falls through 16 ft. in one second, it will drop through 
64 ft. in two seconds, 144 ft. in 3 seconds and 

so on. 

62. Fall of Bodies Projected downwards or 
upwards. —If a body be projected downwards with 
an initial velocity u, the formula) of art. 29 become 

v = u (ft ... ... ( 45 ) 

k = nt (46) 

v'^=%r +2f//i ... (47) 

If a body he projected upwards with a given uj)- 
ward velocity we are to substitute - ry for /, since 
the acceleration due to gravity is opposing the ascent. 
The u})ward direction of u being taken as positive, 
the formulae now become 

v= u-cjt ... ... (48) 

h = ut - igt'-^ ... ... ( 49 ) 

v“=u"-2gh ... ... (50) 

From these formulae any problem on the motion 
of falling bodies may be solved. For example, the 
greatest height h, to which a body rises when projected 
upwards with a velocity 71 , is given by 

o = u“ - 2gh 

for t’=o, when the body just ceases rising. 

h~u'^l2g ... 


(61) 
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Similarly, the time to attain this greatest height 
is given by 

v = o = u- gt 

t = ulg ... (62) 

Again, after reaching its greatest height the body 
will begin to fall and when it returns to its point of 
projection, the final height becomes zero. The whole 
time of flight may be obtained by putting h — o and 
J— ‘~g \ we thus have 

0 = ut- igt" 

= t(u- iot) 


Discarding the solution t = 0, we get 

ti = hjt or t = 2ulg ... (63) 

Equations (62) and (53) show that the whole 
time of flight is double the time taken by the body to 
reach the greatest height. In other words, the time 
taken dtiring the ascent is eq'iial to the time taken 
during the descent. 

63. Flight of a Projectile .—Let us suppose 
that a stone is thrown horizontally with a velocity 
■u from the top of a cliff. Due to this horizontal 
velocity, the stone will cover a horizontal distance x 
in time t given by 

x~ut ... ... (a) 


Due to the force of gravity it will fall through a 
vertical distance y in the same time t given by 

y = \gt“ ... ... (b) 

Eliminating t, we get 



X' 


(54) 


This Equation expresses the relation between the 
horizontal afid vertical distances traversed by the 
projectile at any instant and hence defines the 
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path of the projectile. It represents a parabola 
with its axis vertical and its apex at thel^'point of 
projection. 



Fig. 62 

Path of a projectile 

If the height of the cliff be h, then the time taken 
by the projectile to reach the ground is given by 

and the horizontal distance d from the foot Tof Tthe 
cliff at which the projectile will strike the ground ia 
given by _ 

d~ u V “« 

If a body be projected upwards with a velocity u 
in a direction inclined to the horizontal by an angle B, 
the horizontal and vertical components of this velocity 
are w cos B and u Sin ^respectively (cf. §31). 

After time t, the vertical velocity of the projectile 
is, by eqn. (48), 

u Sin B-gt 
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Consequently it will be zero, and the projectile 
will have reached its highest point when 

^ n Sin B 

L 

(I 

And since time taken by the projectile to ^eacli 
the highest point is equal to the time taken to descend 



Fig 53 

I^ange of a projocti'c 

from this point to the ground (§. 63), the whole time 
of flight is given by 

271 Sin $ 

0 

During the whole time of flight the horizontal 
component of the velocity has its initial value 7icos 0. 

Hence the horizontal distance which the i)rojectile 
will cover before it strikes the ground, i.c., the 
horizontal range, is given by 

. 271 sin 6 2‘ir sin 0 cos 0 _7i'^ sin 20 

u cos 0 X --— ~ ■ 

0 0 0 
* EXAMPLES;— 

1, Draw* curve on the squared paper supplied to indicate 

the heiahts '^hove ground-, at interval of half of a second, of a 
body faUil® freely from rest at a height of 150 ft. Hnd from 
your the position of the particle after l’G7 seconds. 

[ 0 . 
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The space travrrs-tcl by a >>ody m time t falling from rest can 
be obtained from the formula 


Taking f/-32|L^)>»r sec. 2 }er sec- and calculating the distances 
lal’en through at the end of every halt second, tlie following 
table is prepared ; • 


Time in 

X 

1 


2 

1 

-2h ' 

3 

SEC ONDS 

Height 

— 

— 



^ 1 

1 

1 


FALLEN 


IG 

30 

C4 

100 1 

144 

THJtOUGH 
llEIGIt J’ AEOVE 
GhOUNB IN 

_ 

l^G 

134 

111 , 

GO 

1 

i 

r>o 1 

0 



In the graph given above 

1 small division a'ong a;-axis=0.1 sec. 
1 small division a'ong //-axis=5 ft. 
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It is seen from the graph that at the time 1'67 seconds, tho 
particle is at a height of 105 ft. above the ground. 

2 . If a heavy body is thrown vertically up to a given height 
and then falls back to the earth, show that, neglecting the 
resistance of the air, it passes each point .of its path with the 
same velocity when rising and when falling. 

Let « = velocity of projection 

71 =velocity at a given height h 

Then = u~ - 2^_ 

which shows that the velocities are equal numerically, but 
opposite in sign, at any point of the path,"i,when rising and 
when falling. 

8 . A ball is thrown vertically up and caught again in O' 
seconds. Find the velocity of projection and the greatest 
height. 

Let initial velocity and greatest height. 

From s = nt + we get here 

0 = W.6 “ ^.32.6^ 

I 

whence ?i = 96 ft. per sec. 

And v~ =u^ - 2/s gives 

96 X 96 

u' = 2gh or /i =' 2 x 32 ~ 

Exercise V 

1 . A body falls freely for 6 seconds ; find the distances^’ 
it will fall through in the last second and in the whole time. 

2 . State the Laws of falling bodies and illustrate them by 
suitable examples. 

Describe and explain the celebrated Guinea and Feather 
experiment. [ C. U. — 1936}] 

3 . A cannon-ball is shot horizontally from the top of a tower 
49 ft* with a velocity of 200 ft. per second. Find at what 
distance from the tower~the cannon ball will strike the ground. 

4 !^ A steme is let fall from the top of a railway-carriage which-. 
istJr;^11in|; at the rate of 30 miles an hour. Find what horizontaV 
diijt#ce and what vertical distance the stone will have passed! 
thfCf^h in pne-tenth of a second. * 
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5. The intensiiy of gravity at the surface of the planet Jupiter 
being about 2'6 times as great as it is at the surface of the earth, 
fud npproxurately the tjme which a heavy body would take in 
falling from a height of i 67 feet to the surface of Jupiter. 

6. An arrow is shot vertically upwards with a velocity of jo 4 
feet per second when it leaves the bow. How long will it be before 
It leaches the ground again ? 

7. What IS meant by ‘acoeleraiion of gravity’ ? How do you 

prove that it vanes from place to placo on the earth's surface ? 
Ilow does it \ary ? (C. 17 .— 1933) 

8. A stone is dropped from a balloon at a height of 400 ft. 
above the ground and it reaches thi^ ground in 6 seconds. Find 
the velocity with which the h.ilkoa vvas rising. 

g. A stone dropped into a well reaches the water with a 
velocity of 80 ft. per second, and the sound of its striking the 
water is heard seconds after it is let fall. Find from these 

data the velocity of sound in air. 

10. Explain what is meant by mass and weight and how 
they are measured. 

A body is weighed at the surface of the earth, at sea-level and 
at the top of a rrountain. State, in general terms, how the 
position will affect the weight and the mass of the body. Give 
reasons for your answer. (C. U .— 1920) 

11, State the laws governing the motion of bodies falling 
freely under the action of gravity. 

Two stones are projected vertically upwards at the same 
instant. One ascends 112 ft, higher than the other, and re¬ 
turns to earth 2 seconds later. Find the velocities of projection 
of the stones [g = 32 ft. per sec. per sec.] (C.U.—1936) 


B—9 




CHAPTER VII 


CENTRE OF CrBAVITY 




CHAPTER VII 


CENTKE OF GRAVITY 

64. Centre of Parallel Forces. —Let a number 
of like parallel forces of magnitude P, Q, B, S, etc., 
act at points A, B, C, D, etc., of a body (Fig. 55), The 
resultant force of P and Q is a force of magnitude 
(P + (?) acting at a point E in AB, such that 
P X AE = Q'x EB, and is pai'allel to both of them. The 
forces {P + Q) acting at E and B at C are equivalent 



Fig. 55 

Centro of parallel forces, 

to a single resultant force {P + Q + B) acting at F, 
parallel to them, such that 
iP + Q) EF = B^CF, 

Similarly, the resultant of {P + Q + B) acting at 
P, and the force 8 at D is the force (P + 0 + P + S) 
acting at a point G such that 
(P + (? + P) FG = SxGD. 
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Proceedmg in the same way we may find the re¬ 
sultant of any number of parallel forces acting at 
different points of a body. 

If the forces P, Q, B, S etc., applied at the same- 
points A, B, C, D etc., act in a different direction 
remaining still parallel to one another, their resultant 
will still pass through the same point G as before. 

The point G is called the centre of the parallel 
forces, it is a point through which the resultant 
of any number of parallel forces passes, its position 
depending only on the magnitudes of the forces and^ 
the positions of the points at which they act, and is 
quite independent of their directions. 

65. Centre of Gravity —We have already seen 
that the weight of a body is the force with which 
the body is attracted by the earth towards its centre, 
the direction of action of this force being called the 
veritcal direction at the jdace where the body is con- 
siderd. 

Now we may consider a body to bo made up of a 
large number of small particles rigidly connected 
together, and that each of these particles is acted on by 
its weight, proportional to its mass. These forces all 
act towards the earth’s centre, but having regard to 
the long distance, nearly 4000 miles, of the body from 
the earth's centre, and the size of the body being 
small compared to that of the earth, the forces may 
be considered parallel. The weight of a body, as 
a whole, is then really the resultant of a system of 
parallel forces made up of the weights of all the- 
particles which build uj) the body, acting at points 
where these particles are situated. The point at which 
this resultant acts is called the centre of gravity of the 
body. 

In' art. 6^ it is seen that the position of the centre 
of a systeof^f parallel forces ^is independent of the 



-65] 


CENTRE OF GRAVITY 


135 


direction of the forces. Although the direction of 
gravity can not be changed, for it is always vertical, 
it will amount to the same thing, if the body be 
simply rotated through any angle. The forces of the 
system remain to he of the same magnitude and act 
at the same points within the body, but the direction 
of the system has changed relative to any line in the 
body. It follows, therefore, that the centre of gravity 
of a body is fixed relative to the body. 

The centre of gravity of a body is not necessarily 
in the body itself; it may be at a point outside the; 
substance of the body. Thus the centre of gravity 
of a circular ring of wire is at the centre of the 
ring, that of an empty beaker is within the air en¬ 
closed by it. 

It is not necessary again that a body should be 
rigid in order that it may have a centre of gravitv. 
Thus we speak of the centre of gravity of a fluid mass, 
or the centre of gravity of a system of bodies not 
materially connected in any way. 

The only condition for the centre of gravity of a 
body to be a fixed point relative to itself is that its 
size and shape should remain unaltered. If the body 
is made up of movable parts, the centre of gravity is 
fixed for any given configuration of the body, but 
changes its position with change of configuration. 
For example, a straight piece of uniform wire has its 
centre of gravity at its middle point, and its weight will 
act at that point as long as it remains straight. If the 
wire be bent, it will no longer have the same centre of 
gravity. In a draw-telescope the position of the 
centre of gravity varies as the tubes are more or less 
drawn out. Again, if a man raises his arm, his C. G. is 
displaced. 

The centre of gravity of a body may, therefore, be 
defined as the point, fixed relative to the body, through 
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which the resultant of the weights of the paricles 
which build up the body, passes for all positions of 
the body, so long as its size and shape remain 
constant. 

For all practical purposes, the centre of gravity 
is the point at which the whole weight of the body 
may be supposed to act. 

The centre of gravity is often abbreviated as 
C. G. 

66. Centre of Mass or Centroid. —If instead 
of considering the weight of a body we look to its 
mass only, and suppose the body to he acted upon hy 
a system of parallel forces, such tliat the forces to 
which the individual particles of the liody are sub¬ 
jected are all parallel in direction and proportional 
to the masses of the particles in magnitude then the 
centre of the system of jiarallel forces, through which 
their resultant may he su])posed to act. is called the 
centre of mass or centroid. It may be said to be 
the point about which the mass of a body is evenly 
distributed. Every body, since it has a mass, 
has always a centre of mass. It is abbreviated 
as C. M. 

We observe that the centre of gravity is a parti¬ 
cular case only of the mass-centre, in which the forces 
are the vertical forces due to gravity and the C. G. of 
a body does necea^ai-ily coincide with its C. M. 

In Mechanics, when a body is moving in any way, 
the velocity of its centre of mass is taken for the 
velocity of the body. 

67. C. G. of Symmetrical Bodies .—In finding 
by calculation the centre of gravity of a body the theory 
of finding the resultant of a number of parallel forces 
acting at known points is to be ajiplied in a manner • 
suitable to the particular form of the body. From con- 
fiideration0 of fyinmelry, however, ^vecan at once note 
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"the following results. It is assumed that the bodies 
fherein considered are of uniform density throughout. 
The centre of gravity of 

(1) a straight piece of a uniform wire, stick, rod 
or beam etc., is the middle point of its axis ; 

( 2 ) a uniform circular lamina"' or a sphere is its 
geometrical centre ; 

( 3 ) a uniform circular ring is the centre of the 
circle ; 

(4) a uniform parallelogram lamina or a rect¬ 
angular parallelepiped is at intersection of its 
diagonals ; 

(5) a uniform triangular lamina is at the inter¬ 
section of its medians. 

68. Experimental 
Determination of the 
centre of gravity.— 

The centre of gravity of 
a lamina may also 
be found by experi¬ 
ment. It will be shown 
in art. 70 that when a 
body is suspended freely 
fj'oni a point and is in 
equilibrium, its C. G. is 
in the vertical line pas¬ 
sing through tlie i^oint 
of suspension. 

Expt. 5, Suspend the 
lamina by a string attached 
to one corner .of it. Trace on 
it the vertical line through 
the point of suspension' by 
mtana of a plumb-line. The 
C. G. must be somewhere on 

t his line. _ 

*A larmna is a sheet ot a material of small thickness, such 
as a sheet of paper, a thin sheet of metal etc. A uniform lamina 
is of the same thickness and is formed of the the same substance 
^throughout. 



by suspension 
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Hang the latnim from another point, and draw the vertical 
line through the point of suspension as before. The C. G. must' 
also be on this line. Hence, G, the point of intersection of these 
lines will be the centre of gravity required. To verify this^ 
suspend the lamina from a third point, the vertical through 
which will also be found to pass through fi. 

The C. G. of a lamina or that of a card-board or 
a sheet of metal plate may also be found by balancing 
the body in two different positions on a horizontal 
edge. When the body is just balanced, its C. G. must 
be supported by tlie latter and hence must be verti¬ 
cally over some ])oint at the edge. 

Expt. 6. Balance a card-board against the edge of a table. 
Holding the card (Fig. 57) in this position, draw by a pencil 
a lino on the nudersurface of the card, using the edge as a ruler. 
Turn the enrd to some other position and repeat the process. 
The point of intersection of the two lines thus marked indicates 
the position of the C. G. wanted. 



Fig 57 

Determination of C. G. by balancing 

Support the body on a pin-head placed at the C. G. thus 
found. The p’ate thus supported ought to be in equilibrium. 

69. EUiuilibrium of Heavy Bodies —A body at 
rest under the action of forces which balance each 
other is said to be in equilibrium. As the weight of 
a body may be supposed to act vertically downwards 
through its centre of gravity, the condition of equi¬ 
librium ip |l,l cases as that the resultant of the reac¬ 
tions .at points of support to the body must act 
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vertically upwards and pass through the 0. G. of the 
body. We notice the following cases;— 

When a body is supported at one point, for example 
when it is suspended by a thread akached to a point 
(Fig. 58 a), or when it is balanced on a pivot (Fig. 68 b)^ 
or when it rests on a plane touching it at one point 
(Fig. 58 c), equilibrium is only possible when its 
C. G.either coincides with this point or is exactly 



Fig. 68 

A body supported at one point 

above or below it in the same vertical line. For 
when a body is supported in this way the only forces 

acting on it are its own weight 
W acting vertically through G, its 
C. G., and the force supporting it or 
the force of reaction at the point of 
support S. If these two forces are 
to be in equilibrium they must be 
equal and opposite and in the same 
straight line. If it is not so, the 
weight of the body W, acting 
at G (Fig. 68 d) would cause 
a rotation about S until G and S 

Balanotag T^tiok. f.’"® brought in the same vertical 

hne. 

Expt. 7. Try to balance a long stick on a finger-end. Note 
that unless care is ^ways taken to keep the point of support 
vertically below the centre of gravity by the quick adjustment of 
the hand, the stick will'fall. Also note that it is easier to 
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Jsalance a long stick than a short one, for the C. G. of the former 
in falling through h greater height allows the finger more time 
to adjust the point of support. 

If a body is supported on two points A and B on a 
table, the reactions on the table ait A and B are both 
upward vertical forces, the resultant of which must 



pass through some point between A and B in the 
line AB. Therefore the condition of equilibrium is 
that the vertical through the C. G. must fall be¬ 
tween the two points of support on the line loining 
them. If the C. G. is in a position as sliowm in (Fig. 
60 b), no equilibrium is possible ; if it has a position 
as in (Fig. 60 a) it can remain in equlibrium. Balan¬ 
cing on stills is an example of this case of equilibrium. 

Lastly, consider the case of a body that rests on 
a plain surface on three points, for example, a three- 
legged table or on points more than three, for exam¬ 
ple, a glass tumbler resting on a table. Imagine a 
fine thread drawn tiyhtly round the body so as to in¬ 
clude all the points of contact with the supporting 
surface. The area thus enclosed is called the hasp, of 
the body. Now the reaction of the table at the varius 
points of support all act verticalty upwards ; their 
resultant therefore acts vertically upwards at some 
point wiihin the area of the base and this, since it 
balances ^veight'of the body, must pass though 
its C. 0. equilibrium is possible only when the 
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vertical through the C, G. falls within the area 
of the base (Fig. 61). 



Fig. 61 Fig. 62 

Equilibrium of a table A body about to topple over 


The condition is the same whether a body- 
rests on a horizontal surface or on an inclined 
plane. 

The truth of the above fact can be tested by some 
simple experiments:— 

Expt. 8. Take a piece of brick and p'ace it on a rough 
plank and tilt the plank about an edge 0. The body will not 
overturn so long as the vertical lino through its C. G. falls 
within the base on which it rests (Pig. 62) 

Now the C. G. of the body is evidently in the plane of tho 
diagonal AC. Hence the brick will topple over as soon as the 
diagonal AC will pass through the vertical position. 

Many illustrations to this point can be cited. If 
a cart is loaded with a very high load, so that C. G. 
of the cart and load together is high above the ground,, 
it may be overturned by a small tilt caused by one 
w’heel passing over a stone or a bank of earth, when 
the vertical through the 0. G. falls outside the wheel 
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base (Fig. 63). For the same reason, a boat is liable 
to be upset easily, when the persons seated in it stand 
up, or when it is loaded to a great height. 



Fig. 63 

A loaded cirt about to overture 

In the ordinary upright position of a man the C.G. 
of his body is at about the middle of the lower half 
of his pelvis. But the C. G. is displaced when he 
carries a load. In order to retain the stability he 
must modify his attitude so as to bring back his C. G. 
over a point between his two feet. Thus a porter 
carrying a heavy trunk in one hand has to lean his 
body on the opposite side and often extends the other 
arm at full length. A man with a load on his back- 
is obliged to lean forward. A person with an over¬ 
growth in his abdominal front has to throw back his 
head and shoulders. In rope-dancing, the performer 
holds in his hand a long pole or an open umbrella to 
help him in maintaining the combined G. G. vertically 
above the rope, 

Expt. 9. Stand sidowiys against a wall with afoot and 
, the head bflitli touching the wall and try to stand on that foot. 
It wiy seem to he impossible, beciuse the wall will not allow the 
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G. of the body he brought over the foot next to the 
wall. 


It follows that the wider the 
h^se on which a body rests, the 
greater is its stability, for then 
even with a considerable inclination 
the vertical through its C. G. still 
falls within its base. The well- 
known Leaning Toicei' of Pisa, 
(Fig. 64) fjom which were per¬ 
formed some of Galileo’s famous 
experiments on falling bodies, is 
an illustration to the point. It is 
so much out of the vertical, that it 
seems ready to fall at any moment: 
yet it has remained in its present 
position for centuries. 

70.—States of Equilibrium.— 

Although we have seen that a body 
is in equilibrium when the resultant 
of the supporting surface acts in the same vertical 
line passing through the C. G. of the body, it is yet 
possible to distinguish between the states of equili¬ 
brium. Equilibrium may be of three kinds, stable, un¬ 
stable and neutral. 

A body is said to be in stable equilibrium when it 
tends to come to its original equilibrium position 
after being slightly displaced. Thus for example, the 
plummet in fig. 58 (a) is in stable equilibrium, for if 
pulled aside and then released, it will at first swing 
to-and-fro, bilt will come at last to rest in the same 
position. 

A body is said to be in an unstable equilibrium, 
when a body at rest, after receiving a small dis¬ 
placement, tends to move farther away from its equi¬ 
librium position. Thus a stick balanced on the 



Fig. G4 
The Leaning 
Tuwer of Pisa 
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finger end (Fig. 59) or iiii egg on its end are in the 
state of unstable equilibrium. 

Lastly, a body is said to be in a neutral equili¬ 
brium, when after being displacetj, it neither returns 
to its oiiginal position nor moves farther from the 
new one. A uniform sphere lig. 58 (c) or a cylinder 
resting on a flat surface are in the state of neutral 
equilibrium. 

A cone or an ordinary glass funnel affords a good 
illustration of all the three kinds of equilibrium. 
When it rests on its base, it is in a stable equilibrium 
(Fig. 65, A, A') ; when balanced on its apex, it is in an 
unstable equilibrium (Fig. 65, B, B) and while res¬ 
ting on its side, it is in the state of neutral equili¬ 
brium (Fig.65 C, C). 



Fig 65 

Tho three states of equilibrium 

The three states of equilibrium of a body are, ii> 
fact, determined by the position of the centre of 
gravity of the body. In all cases of stable equili¬ 
brium the C. G. is as low as possible. The slightest 
displacement of the body elevates its centre of gravity. 

Hence the body returns to its original position as 
soon as it is permitted to do so. When the equili¬ 
brium is unstable, the centre of gravity is as high as 
possible. Any slight displacement of the body will 
help its G. in coming down to a lower height. 
Frnih Jli^:aJbove it is eeen that the C. G. of a body 
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tends to occupy the loioest possible positimt. In the neu¬ 
tral equilibrium of a body, its centre of gravity is 
neither raised nor lowered by any displacement given 
to the body. 


When a body can rest on a plane on different 
bases, for example a book, the limits of stability widen 
for a position which allows the centre of gravity to be 
lowered. Thus a copy of the Encyclopaedia Bri- 
tannica has a greater stability when it lies fiat on a 
table than when it stands on an edge. On the other 
liand, the stability of a body ordinarily in an unstable 
equilibrium may be increased by the addition of 
weights, so that the C. G. is brought under the point 
of support (Fig. 66). 



Fig. 66 

The C. G. of a loaded cork 


Expt. 10.— Fix two knives into a common cork on opposite 
sides (fig. 66). The cork will now very easily balance on the 
point of a finger or a pencil, and will not Ml even when the 
point of support is shifted to one side of the base of the cork. 

Some apparently paradoxical but illustrative and 
interesting experiments may be arranged on t e 
point :— 

Expt. n.— Fix a cylinder of cork to a solid hemisphere of 

W (flg. 67) by means f tic “eito Tthe 

Sa“ie» i?wm?ta?a upright though it locJ<a tophea^. 
Tilt it to one side to make it horizontal. The point G, its 0. G., 






146 


GENERAL PHYSICS 


[VII- 


18 thereby raised ; the weight of the body acting there makes it 
spring back to its original position as soon as the body is free. 

Fig. 68 represents a similar toy called the Tumbler 
■which consists of a light figure attached to a 
hemisphere of lead. When the figure is ui^right, its 
C. G. occupies the lowest positionl 



Fig. 69 affords another illustration. It is a disc 
of wood with a small mass of lead (shown shaded in 
the diagram) inserted within it near the edge. 
The point G is the combined centre of gravity. 



Fig. 69 

A loadei disc on a tilted piano 

Hxpt* Place the disc on a slightly inclined plane in 

tha-poeition A in which the vertical through G does not pass 
through thO point of contact, S. The disc will ascend the plane, 
thorohy the point G comes to occupy a really lower 
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position with respect to the ground. After gliding up the piano 
to a certain extent, it stops and then moves down and settles 
to a state when the vertical through G passes through the point 
of contact. 


Exercise VI 

1. Define Centre of Gravity. How can you find practically 
the 0. G. of an irregular plane ? 

2. State in a general way when a body will stand or fall. 
<jite practical illustrations. 

8. Define the throe states of equilibrium. How does the 
position of the 0. G. affect the equilibrium of the body ? 

4. A circular table weighs 20 lbs. and rests on three legs in 
its circumference forming an equilateral triangle. Find the 
least pressure that must be applied at its edge to overturn it. 

5. A telescope consists of three tubes each 10 in. in length 
sliding within one another, and their weights are 8, 7, C, ozs. 

I respectively. Find the position of the centre of gravity when 
the tubes arc drawn out to their full lengths.— {Land. Maine.) 

6. A cylinder, whose base is a circle 1 ft. in diameter, and 
whoso height is 3 ft., rests on a horizontal plane with its axis 
vertical. Find how high one edge of the base can be raised 
without causing the cylinder to turn over. 

7. Weights of 1 lb., 2 lbs., 3 lbs. and 4 lbs., are suspended 
from a uniform lover 6 feet long at distances of 1 foot, 2 feet, 
3 feet and 4 feet respectively from one end. If the mass of the 
lever is 4 lbs., find the position of the point about which it will 
balance. 

8. A heavy beam consists of two portions, whose lengths are 
as 3 to 5, and whose weights are as 8 to 1 ; find the position of 
the centre of gravity. 

9. A uniform plate of metal 10 inches square, has a hole of 
area 3 square inches cut out of it, the centre of the hole being 
2^ inches from the centre of the plate ; find the position of 
ihe Centro of gravity of the remainder of the plate. 
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71. Resistance to Motion. —The forces which 
tend to oppose or destroy motion are, in general,, 
called resistances. Thus a man dragging a heavy 
weight along the ground has to make a muscular 
effort to overcome the resistance of the ground oppo¬ 
sing motion ; a body falling in air or a cyclist riding, 
against the wind has to meet with the resistance of 
the air ; a ship in motion has to cut its way through 
water ; in a machine, a part of the work done by it ia 
always spent in overcoming the frictional forces 
between the different parts in the machinery. Friction,, 
in the widest sense of the term, may be used to mean 
any resistance to motion, but it is ordinarily used in 
a limited sense vtz., it is the re$i$tO;flQe which amoving 
^ solid with 071 the surface of another solid luhick 
\ supports it. 

In the case of a body moving through a fluid’ 
medium, the moving body has to set in motion those 
parts of the medium with which it is in contact. The 
resistance encountered by the body is directed against 
its front side and increases with the velocity and the 
extent of exposed surface of the body. It also increases 
with the density of the medium. The resistance of 
the air serves to diminish the velocity of a rain-drop 
or a hail-stope which, falling from a height of a mile 
or so, would .otherwise have attained the speed of a 
muskil shot. Use is made, on the otherhand, of this 
resij^tance of ^ir in a descent by parachute and in 
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regulating wilid-vanes for diminishing the velocity of 
falling bodies. 

72. Friction .—If two bodies be in contact with 
each other and a force be applied tending to make 
one body slide on the other, an opposing force is set 
up in the plane of contact of the surfaces in a direction 
tending to prevent the motion. This force is known 
as the force of friction between the surfaces in 
contact. 

Fricton is due to the ro^ghne$$ of the surfaces in 
contact. If these surfaces be perfectly smooth, there 
would be no opposing force of friction. Practically, 
however, the surfaces of bodies are never perfectly 
smooth. The minute irregularities of one surface 
engage with the small inequalities of the other and 
thus always cause some force to act between the 
surfaces in contact,^ being directed so as to prevent 
any displacement of one surface relative to the other 
m the plane of contact. In other words, the resis¬ 
tance due to friction acts in a direction parallel to the 
surface. 

Let a rectangular body B (Fig. 70) be placed wnth 
one of its plane faces resting on the plane, horizontal 
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' Fig. 70 
Friction on a horizontal plane 

surface of a table A So long as B is at rest, 
the upw'ard pressure B of the table balances the 
weight W of the block these forces are both vertical 
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and there is no component in the direction of the sur¬ 
face, no friction being called into play. If a small 
force P be now applied to B parallel to the surface, a 
resistance F is felt which acting iq the plane of con¬ 
tact prevents the block from sliding over the plate A. 
Sufficient friction is thus exerted just to atop the 
rnotion, F being exactly equal to P. If the forces F 
and^ll are compounded to give a single resultant Q 
making an angle B with P, then this force Q is called 
the resultant reaction between the surfaces. As P is 
increased, the value of F also increases, being always 
equal to P and the angle 6 also increases correspond¬ 
ingly. Friction is, therefore, a self-adjusting forca i 
no more friction, however, is called into play than 
;what is just sufficient to prevent motion. The friction 
lexerted under these circumstances is called static 
friction. 

But as P is increased indehnitely, the amount of 
friction Pexerted at the plane of contact cannot eviden¬ 
tly be unlimited. The force F soon readies . 7 ; cert ain 
m aximum li mit depending on the nature of the surfaces 
■ in cqirfcact and tbejpressure exerted between them. The 
maximum limit, to the value of the force of friction 
ex^tfid 'Wben one body is just on the point of sliding 
upon another body^ is called the li miting jfiction. The 
angle 6 has then its maximum value and is called the 
limiting angle. 

When P is increased beyond the value of the limi¬ 
ting friction, motion of the block sets in. The friction 
e x^rte d after motion is.started is palled dynamic fric- 
tlon^and is found to he .much less than the limiting 
friction. 

Expt. 13, Clamp a large plank of wood on a tabic so as ta 
be horizontal. Attach a light pulley to its end projecting off the 
tabic as in fig. 71. Place a rectangular block of wood on the plank 
to act slirfingpieoe. The surfaces of the block and the plank 
of jrooit hj c^tact should if made smooth and even by rubbing 
IThe blockiis attached to a string which pass- 
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ing over the pulley is connected to a pan. The pait of the 
string above the table should be horizontal. 



Fig—71 

Friction Apparatus 

Begin the experiment by placing small weights on the pan 
and then go on adding until the block just begins to slip on 
the plank. Near about the slipping point the board should 
be gently tapped to get a fairly good result. Note the total 
weight on the pan ; this together with the weight of the pan 
itself measures the maximum friction exerted between the plank 
and the wood. 

Repeat the experiment. It will be seen that the value 
obtained for the limiting friction is fairly constant. 

It is to be understood, however, that the limiting 
value of the friction found in the last experiment is 
constant in the particular case considered. Any 
change of the conditions in the above experiments will 
cause the limiting friction to change in magnitude. 

Expt. 14. Determine the maximum friction (a) when a 
wooden block is placed on the wooden plank having fibres at first 
parallel and then at right angels to each other ; (h) when the 

former is placed on a glass surface. It will be seen that the 
maximum friction in each case is different. 

The results of these experiments show that the 
maximum friction depends on the nature of the sur* 
faces in contact. 

73. Lawi of Friction. —The relation between 
the limiting friction between two surfaces in contact 
and the area of contact, as well as that between the 
limiting friction and the pressure exerted normally 
between the surfaces, may be determined by experi¬ 
mental facts. ' 
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Expt. 15. Set up the apparatus as in Expt. 13. Deter¬ 
mine the maximum friction between the block and the plank 
when the block rests on the plane successively on each of its 
three of different areas. Thus the areas of the surfaces in 
contact have been altered but the normal pleasure between 
them, which equals the weight of the block, remains evidently 
the same. 

It will be found that so long as the normal 
pressure between the surfaces is not changed, the 
limiting friction remains practically the same, and is 
independent of the area of the surface of contact. 

Expt. 16 . Determine the weight of the sliding piece A 
and let it be h. Find also p. the weight of pan. Sot up the 
apparatus as in Expt. IS and then determine the maximum 
friction using the unloaded block. The value of F is given by 
23 +to, where to is the weight placed on the pan just sufhcient to 
cause motion of the block. 

Next place different loads on the block and determine the 
maximum friction in each case. The normal reaction R is 
given by 6-1- W, where IF is the weight of the load on the block. 
Tabulate the results. 

The above experiment is performed ^yithout alter¬ 
ing the area and the nature of the surface of contact. 
It will bo found that the ratio of the limiting value of 
the friction to the normal pressure between the sur¬ 
faces, t.e., F/R, is constant. 

We thus arrive at the following laws of friction : 

(i) Friction always opposes motion. 

(ii) It depends on the nature of the surfaces in 
contact, hut is independent of the extent of the areas in 
contact so long as the normal reaction between the two 
surfaces is the same. 

(hi) The maximum, friction between Uoo surfaces 
is proportional to the total pressure between them. 

74 .. of Friction. —The constant 

ratio of. limiting friction to the normal pressure 
for any pacified is called the coefficient 

Of is gefierally denoted by If be 
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the limiting friction and B the normal force, we 
have, 

FIB = f^ whence 25^ = Mi? ... (55) 

The value of M is obtained from the experimental 
•determination of F as in Expt. 13. The determina¬ 
tion may also be made by placing a block of any 
material on an ordinarily smooth horizontal surface 



which is to be gradu¬ 
ally tilted until the 
block just begins to 
slide down. When 
this is the case, the 
friction, which acts 
here upwards along 
the plane to oppose 
the motion of the 
block doivn the plane, 
has reached its maxi- 


Fig. 72 mum value and just 

Friction on a rough inclined p’ane, balances the corapon- 

■ent of the weight down the plane. Let 6 be the 
inclination to the horizontal of the inclined plane 
AB of which the base is AC and the height BC. 
Let W be the weight of the block and E, the normal 
reaction (fig. 72). It follows from geometry that the 
-angle which the normal to the plane makes with the 
vertical is equal to the angle of the plane. The 
<;omponents of W along and perpendicular to the 
plane are W sin B and W cos 0 respectively. When 
'B is of such a value that the block is just on 
the point of sliding, the component W sin $ is 
balanced by the maximum friction F and the 
normal reaction E also balances W cos 6. We have, 
therefore, * 


and 


F = W sin B 
E = W’ jcos B 
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w hence F/E = f “ tan 6 

W cos B 


But F/R = /^, the coeihcientf of friction 
/• /i = tan^ ... (56)^ 

Tan $ again is obtained from the relation 


tan^ = ^^^— of the plane ... (57)- 

base 

This limiting angle B is also called the angle of 
repose. 

Thus the coefficient of friction is found by reading 
the height of the plane and dividing it by the„ 
base. 

The approximate values of the coefficient of 
friction in a few common cases are given below :— 


Surfaces in contact 

f 

Wood on wood fibres parallel ... 0*5 

,, fibres at right angles ... 0*33- 

Metal on wood ... ... ... 0‘J8 

Metal on metal ... ... ... 0*6 

Leather on meatal, dry ... ... 0*56 

M oily ... ... 0*15 


75. Dynamic Friction: — x\s stated before, limiting 
friction is the friction exerted between any two 
surfaces when motion is on the point of being 
started. As such, it is the maximum value of static 
of friction between the two surfaces and the coeffi¬ 
cient of friction as determined above is sometimes 
called coefficient of static friction. 

'When the tjvD surfaces are moving relatively to 
one another I resistance of friction exerted between 
them is fot^ ’hy expferiments to be much less than 
when is on the point of starting, even though 
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the normal reaction is the same in both cases. The 
ratio of the friction to the normal reaction after mo¬ 
tion is started is called coefficient of dynamic friction. 
It can be experimeatally determined by the inclined 
plane method as described in the last article. The 
plane is continually tapped as its inclination is gra¬ 
dually increased until motion sets in. The inclination 
is then decreased until motion just stops. The co¬ 
efficient of dynamic friction is the limiting value of 
tan B just sufficient to keep up motion after it is 
started. 


76. Rolling and Sliding Friction .—Friction is 
of two kinds, sliding and rolling. When a body slides 
over another, for example, when a heavy box is drag¬ 
ged along a ffoor, when the two hands are rubbed to¬ 


gether, or when an axle of 



Fig. 73 
Roller Bearing 


a wheel rotates, sliding 
continuously upon the 
same points of its bearings, 
the case is one of sliding 
friction. When a body, on 
the other hand, rolls over 
another as in the case of 
an ordinary wheel on a 
road, the case is one of 
rolling friction. Boiling 
friction is considerably 
less than the sliding 
friction, and there is a 


great saving of power when the latter is converted into 
the former. This explains the use of castors on heavy 
pieces of furnitures such as pianos, tables etc. Heavy 
weights like large blocks or stones are dragged along by 
supporting them on rollers (Fig. 73). In the ordinary 
wheels, the sliding friction is not, however, entirely 
removed, for the wheel slides continuously at some 
point A upon the axle (l^ig. 76). In the hall bearing 
arrangement as in bicycles, the sliding friction is 
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completely replaced by rolling friction where a number 
of hard steel balls are loosely confined in a metal case 
round the axle ; the hub of the wheel rolls on 
them (Fig. 74). » 

To diminish friction various other methods are 
adopted. It is diminished by polishing the surfaces 
in contact. Lubricators such as oil, graphite, tallow 
are in frequent use to diminish the frictional resis¬ 
tance in machiiies. In the motion of sledges over ice, 
the ice melts under pressure ; its surface acts as 
if lubricated and ])olished and hence the friction is 
much reduced. As a rule, greasy substances which 
are not absorbed by a body, diminish friction but 



Fig. 74 Fig. 75 

Ball-Boariiig Common Bsaring 

increase it if they are absorbed ; thus moisture and 
tallow increase the friction of wooden surfaces but 
diminish that between metal surfaces. 

Although in some cases it is advantageous to re¬ 
duce friction as far as possible, yet there are cases in 
which its presence is an indispensible necessity. 
Without friction of the ground one would not be able 
to syalk ; uo . transmission of motion by belting, rope 
wo^ld be possible. Without friction one could 
climb Cn trees, ^tie knots or fix nails and textile 
fall to t)iece8. 
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Exercise Vll 

1. Explain the terms static friction, limiting friction and 
dynamic friction. What is meant by the angle of repose ? 
How would you experimentally find a relation between the 
co-efficient of friction acid the angle of repose ? 

2. What do you mean by Friction ? Define co-efficient of 
friction. 

3. The co-efficient of friction between a block and a table 
IS 0‘8. What force will be required to set the block weighing 
400 gms. in motion ? 

4. A heavy body is just on the point of sliding on a rough 
plane that rises 3 in a length of 5 ; find the co-effie'ent of 
friction. 

5. A body, of weight 6 lbs. rests in limiting equilibrium 
on a rough plane whose slope is 30“. The plane is next raised 
to a slope of 60° ; find the force along the plane required to 
support the body. 

6 . Give instances of cases in which it is desired to have 
the friction increased, and others in which to have it dimi¬ 
nished. 

7. Describe a method of determining the co-efficient of 
friction between teak and iron. 

6 . An inclined plane is adjusted so that a flat-bottomed box 
placed on it just steadily moves down. What difference will you 
notice if a load of a kilogramme is placed on the box ? Give 
reasons for your answer. [_Pat. U. — 1919] 
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MACHINES 

77. Machine. —A machine is a contrivance or 
an instrument by means of which a force, applied at 
a point and in a given direction, is able to exert 
itself at some other point, possibly in a different 
direction and with different intensity to overcome 
some other resisting force, i.e., to do work. 

The force impressed on the machine is called the 
effort or power and the resistance to be overcome is 
ordinarily called the weight or simply the resistance. 
The effort is generally denoted by P, and the resis¬ 
tance by either Q or W. 

The term 'poiuer is not a happy one to use in this 
sense, for it is now definitely used to mean the rate 
of uwrking ; hence the w^ord effort is preferred to it. 
Again, it is better to use the term resistance instead 
of tceight, as machines are often used to overcome 
resistances other than those due to gravity. 

78. Work done by a Machine. —It must be 
noticed at the outset that whether the force exerted 
by a machine is greater or not than the force im¬ 
pressed on it, the machine is unable to supply a 
greater quantity of energy than what is put into it ; 
in other words, no more work is done by it than is 
done 071 it. As a matter of fact, in every machine 
some amount of friction is bound to be present 
between its different parts. Hence a part of the 
•energy ^ supplied to a'machine is lost in overcoming 



MACHINES 


159 


-78 J 


i;his internal resistance within it, and the rest is the 
effective work done by it. Thus the larger the friction, 
the less is the energy utilized by the machine. 

The ratio, which expresses what part of the total 
energy supplied to 9 ^ machine is utilized by it, is called 
the efficiency of the machine. Thus 

• Energy utiliz ed 

j ciencj Total energy supplied 

The efficiency of a machine is always less than 
unity and is often multiplied by 100 and stated as a 
percentage. If we supi)Ose a machine to be friction¬ 
less, or that the friction therein is negligible, the 
■-efficiency is unity and it follows from the fundamen¬ 
tal principle known as the principle of Work or the 
conservation of energy that the work done by the effort 
'in always equivalent to the icork done against the 
resistance. 

Now work done by a force is measured by the 
product of t%vo factors, viz., the force and the 
placement (see §. 96) of its point of ajDplication. It 
follows that if the machine be perfectly smooth 
throughout, and if P and W denote the i)ower and 
resistance respectively, then 

Px distance through .which P moves 
= TF X distance through which IF moves. 

Thus if a small effort P overcomes a greater 
resistance IF by means of a perfect machine, the 
point of application of P wdll have to move through 
a longer distance than that through which the point 
of application of TF moves. This is popularly ex¬ 
pressed as ,—ivliat is gamed in power, is lost in 
speed. 

79. Mechanical Advantage, Efficiency and 
Velocity Ratio of a Machine. —The ratio of the 
resistance to the effort which must be applied to a 
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machine to overcome it is called the mechanical 
advantage of the machine. 


Mechanical advantage 


i^sistanc^ _ IF 
e^brt P 


If the point of application of the resistance moves 
through a distance y when that of the effort moves 
through a distance x, then 

Efficiency _^eful work done by the m achine 
work exi)ended upon it 

= = mechanical advantage xX. 

i .X X 

The ratio of the distance moved by the effort ta 
that moved by the resistance is called the velocity 
ratio. Thus 


Velocity ratio = 

V 


and therefore Efficiency = 


mechanical advantage 


velocity ratio 

In a perfect machine of which the efficiency is 
unity, 


Mechanical advantage = velocity ratio. 

80. Simple Machines. —An ordinary machine 
e.g., a pump, a steECm-engine etc., consists of a number 
of simple parts which may be classified for separate 
study. Each of these parts is spoken of as a simple, 
machine. 


Simple machines are also called MECHANICAL 
Powers. 

The Simple Machines may be classified as :— 

(i) The Lever, including the Wheel and Axle , 

(ii) The Pulley ; 

(iii) The Inclined Plane, including the Wedge ; 

(iv) , The Screw. 
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81. The Lever. —The lever is, a rigid bar, straight 
or bent, and is capable of turning about a fixed point 
of support. The fixed point is called the fulcrum 
and is denoted by F in the figures given below. 

The perpendiculV distances between the fulcrum 
and the lines of action of the effort and the resistance 
are called the arms of the lever. Thus in fig. 76 the 
arms are FL and FM. 

The conditions of equilibrium in any case of lever 
are obtained from the Principle of Moments. The 

resultant of the forces P 
and Q impressed at A and 
B respectively, must pass 
through F. Hence the 
moment of P about F 
must be equal to that of Q 
about F. Thus 

PxFL = QxFM. 

The lever is most often 
a straight rod. We shall 
consider the oases when 
the lever is a straight one, 
and the effort P and the 
resistance Q are perpendicular to it. In theoretical 
calculations the thickness of th^ lever rod and its 
weight are neglected. 

Levers of this kind are usually divided into three 
classes according to the position of the fulcrum with 
respect to the points of application of the effort and 
resistance. 

82. The Three Classes of Levers ; Class I.— 

In this class the effort P and the resistance W acting 
on opposite sides of the fulcrum F keep the lever in 
equilibrium (Fig. 77). 

Let E be the resultant of P and W, acting down¬ 
wards through F. As the lever presses downward 

B—11 



Fig. 76 
A Bent Lever 
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OD F with the force R, the reaction at F acts '«/?• 
wards with the same force E. 



Fig. 77 Lever—Glas.s I 


As a condition of equilibrium, we have 

R = P + W 


as P and W are like parallel forces. 

And the moment of P _ the moment of W 
about F about F 


i.e., PxFA = WxFB 

( 

The mechanical advantage is given by 

W^FA 

P FB b 



where a and b are |he lengths of the arms FA and 
FB. 

In this lever as a may be greater than, equal to 
or less than b according to the position of F along the 
rod, the mechanical advantage may also be greater 
than, equal to or less than unity. 

The ordinary balance, in which the two arms are 
equal, is a special case of this class of lever. 

Imtances qf the levers of this class :—A crow¬ 
bar, as ordinarily used to raise a weight, having its 
fuloriltn a4 a point where it rests on a block near to 
the wei|Hfc to be lifted (Fig. 78). A poker, used to 
raUe ft gratidg ; ft claw-hammer, when used 
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to extract nails ; a spade, in digging the earth ; 
a, see-saw : the handle of an ordinary pump ; an 



ordinary balance ; the foot, when it is raised and the 
toe tap])ed on the ground, the ankle-joint being the 
fulcrum. 

The oar of a rowing boat may be regarded as a 
lever of the first kind with the rowlock as the ful¬ 
crum, if the boat were kept at rest and the oar used 
to scoop the water backwards. 



Fig. 79 

A pair of scissors 

pair of scissors (Fig 79), a pair of crucible tongs 
are instances of double levers of the First Class. 

The principle of lever is said to be discovered by Archimedes, 
the noted geometrician of antiquity. It is related that at the 
^ launching of a huge ship designed by him, Archimedes dia- 
Jplayed the power of a lever by using it for urging the ship oft 
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the stocks, and that in reply to king Hiero’s expression of 
wonder at the great force thus displayed, Archimedes uttered 
his famous boast, “Give mo but a place to stand on, and I 
will raise the world.” 

Class ll. —In the second cla8a»»of levers, the effort 
P and the resistance W act on the same side of the 
fulcrum F, but in opposite directions, the effort acting 
at a greater distance from the fulcrum than the 
resistance (Fig. 80). 

Here we have, 

R = W - P 

and PxAF= W x BF 


Hence 


W ^ FA 
P FB b 


And since a is greater than 6, the 
vantage is always greater than unity. 


mechanical ad 



Fig. 80 

Lever—Class II 


Examyle^ of tkts hind of lever : a wheel-barrow, 
in which the fulcrum is at the axle of the wheel and 
the power is applied at the handle ; a crow-bar, 
when one end of it is in contact with the ground 
and power is applied at the other end : an oar of a 
boat, when the boat moves forwards, the end of the 
o«r in water being the fulcrum which is, of course, 
not ab»0i#ely hied : a cork-squeezer. 

^he raising of the body upon the toes in stand- 
ill making a step 
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forward is an instance of the lever of the second 
class in tlie human body. Here the fulcrum is the 
ground on which the toes rest : the power is applied 
by the muscles of the calf to the heel : the resistance 
is the weight of the*body borne by the ankle-joint. 



4Q 


Fig. 81 

A p ur of nut-crackcrs 

A pair of nut-crackers (Fig, 81) is a double lever 
of this class. 

Class III.— The fulcrum in this case is at one end 
find the ])ower P and the resistance W act on the 
same side of F as in class II, but the power acts 
nearer to the fulcrum than the weight (Fig. 82). 


Here we have E = 

P - 

w 

and pxAF = 

W X 

BF 

therefore, = 

FA _ 

a 

P 

fb" 

h 


Ap 




Fig. 82 

Lever—Class 111 


and since here a is less than b, the mechanical advan¬ 
tage is less than unity. A small weight to be raised 
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requires a larger effort, but the point of application of 
the weight is considerably displaced when that of the 
effort moves through a small distance. 

The treadle of a lathe or of a^ sewing machine is 
an example of this kind of lever. A very good example 



Fig. 83. 

The foro-arm as a lover 


is seen in the bone of the 
fore-arm (Fig. 83), where the 
fulcrum is the elbow-]oint ; 
the effort is applied by the con¬ 
traction of the biceps muscle, 
the lower end of which is 
attached to the fore-arm 
not far from the joint, and 
the weight is placed on the 
hand. Here rapidity of action 
is obtained at a loss of ])ower. 


A pair of sugar tongs, a pair of forceps in a 
weight-box are double levers of this class. 

83. The AVheel and Axle. —The wheel and axle is 
a modification of the lever. It consists of two cylinders 

having a common axis 
(Fig. 84), the larger of 
which is called the 
and the smaller the axle, 
the axis common to both 
being horizontal. The 
axis terminates in two 
pivots which can turn 
freely on fixed sup¬ 
ports. Round the axle 
^ is coiled a rope, one 

Wheel and AxIp of which is fixed 

to the axle, while 
the other eiid supports the weight W. Round the 
wheel is coil|^ a second rope in direction opposite 
to having ope end attached to the wheel and 
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having the power P applied to the other end. Thus 
when P is lowered, the rope round the wheel unwinds, 
that round the axle coils up and raises the weight. 

The condition of equilibrium is that the moments 
of the effort P and»weight W about the axis must be 
equal and opposite, 

i.e., P. W. 6 

where a and h are the radii of the wheel and axle res¬ 
pectively. 

Hence the mechanical advantage is 
W _ ft _ radius of whe el 
P h radius of axle 

By inaking the wheel larger and the axle smaller, 
the mechanical advantage may be increased : but in 
I)i'actice this has a limit, for the axle cannot be made 
too thin and thereby too weak, nor the wheel too 
large and cumbrous. 

The above result can also be obtained from the 
Principle of Work. Let the wheel and axle be rotated 

through one complete 
turn. Then a length 
of rope equal to 2’'‘ft 
unwinds from off the 
wheel and a length 
equal to coils 

round the axle. 

Hence work 
done by P = P x 2’>‘ft 
and 

work done 
against W 

= W X %Tr}) 
.’.Px2’rft =Wx27r/:> 
whence P.ft = W.?^ 

The windlass (Fig. 
85) and the capstan 
(Fig. 86) ai’e modifioations of the wheel and axle. Id 


A. D 



Fig. 86 
A windlass 
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the windlass which is used for raising water from a 
well, the wheel is replaced by a crank-handle. In 
the capstan which is used on board a ship for raising 
the anchor, the axis is vertical. One or more men 

may api)ly force by push¬ 
ing a number of horizon¬ 
tal proiecting arms (called 
the hand-pikes). Here the 
moment of the pull along 
the ro])e is equivalent to 
the sum of the moments 
of the forces exei-ted by 
themen. 

The method generally 
employed to obtain rota¬ 
tory motion by means 
of a belting passing round two wheels, or a linked 
chain passing over two toothed wheels (as in a bicycle) 
is another application of the wheel-and-axle arrange¬ 
ment. If the circumference of the large driving 
wheel is twice that of the smaller wheel, the latter 




Pig. ST 

Cog, wheels. 

1 

will rotate twice as 
same 

«> 


Fig. 88 

Rack and Pinion. 

m^any times as the former in the 
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A train of cog-wheels (Fig. 87) which is* used in 
clocks, watches and speed-recorders is virtually a 
combination of wheels and axles. Every wdieel with 
its axle or pinion on the same axis is a wheel-and-axle 
arrangement. The mechanical advantage of the 
whole system is the product of the mechanical advan¬ 
tage of each pair. 

Fig. 88 represents a rack and pinion arrangement. 
It may he looked upon as a variety of the wheel-and- 
axle arrangement, in which the rack, a straight bar 
fitted with teeth, is to be regarded as a portion of a 
wheel of an infinitely large diameter. When the 
pinion wheel is rotated on a fixed shaft, its motion is 
converted into a straight one in the rack. The piston 
of a double-barrelled air-iium]), the focussing arrange¬ 
ment of a telesco])e or of a microscope etc., are worked 
by such a contrivance. 

84. The Pulley .—The pulley is a small circular 
disc or wheel of wood or metal with a groove cut 


round its rim to receive a string or 
cord which passes over it. The pulley 
can revolve freely aljout an axle, ])as- 
sing through its centi'e perpendicular 
• to its plane, the ends of the axle 




Fig. 88 

A fixed pulley 


Fig. 89 

A movable pulley 


.■being supported in a fi^me-work, called the Block. 
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If the, block be fixed as in fig. 89, the pulley is 
said to be fixed. When the block can ascend or 
descend as in fig. 90, the pulley is said to be movable. 

For elementary study we suppose the pulley to be 
smooth, so that the tension of Ihe string passing 
round it is the same throughout. Further, the weights 
of the pulley and the rope are often so small compared 
with the weights supported, that these may be re¬ 
garded as negligible. 

In the fixed pulley, the weight is attached to one 
end of a string passing over the groove, and the 
power is apjilied by pulling the other end. The fixed 
pulley is useful only in changing the direction of a 
force. Such a pulley is used for drawing curtains, 
hanging lamps, in pulling punklias, raising weights etc. 

Taking moments about the centre of the wheel, 

we have (Fig. 89), 

P. CA = W. CB 

But CA = CB 

Hence P = W ... (60) 

W _ 

Mechanical advantage = p “ 1 

In a single movable pulley, the weight is attached 
to a block, a string passing round the pulley is secured 
to a fixed support ; the ])ower is applied at the other 
end (Fig. 90). 

Wlien the strings are parallel, the tension along 
the two parallel strings supports the weight acting 
downwards. Moreover, if the pulley be assumed to 
be frictionless, the tension in any part of the string 
is the same, say P. 

Hence 

r. 

Hechanical 
^ advantage 


2P 


W 




... (61>’ 
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i. <?., a given power can in this case raise twice its 
weight. 

Pulleys are often combined in various ways in 
order to secure grgater mechanical advantages. The 
most common arrangement known as the BLOCK AND 
TACKLE is employed on account of its superior port¬ 
ability (Fig.91). In this, the pulleys are arranged in. 



Fig. 91 

Block and Tack'o 


Fig. 92 

Second tystem of pulleys- 


two blocks, one fixed and the other movable and atta¬ 
ched to the weight. The string which is continuous 
is attached to the movable block and passes alter¬ 
nately round the blocks,, power being applied at the^ 
free end of the string. 
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The pulleys are sometimes arranged with a com¬ 
mon axis: again, the various pulleys in a block are 
sometimes placed one below the other as in fig 92. 

In either case, the tension of the string is 
■equal to the power. Let n be thS number of strings 
supporting the lower block. Then the total upward 
force at the lower block is nP. The downward force 
is W, the weight supported together with the weight 
of the lower block, say. Then ?iP = W 
If the weight of the lowei' block is neglected, then 

nP = W ... (62). 

W 

Mechanical 

advantage 

85. The Inclined Plane .—A plane, inclined to the 
horizontal plane at any angle is an inclined plane. 
By means of it a heavy body can be raised to a height 
by the aj)plication of a force less than the actual 
weight of the body, the friction on it being supposed to 
be negligibly small. 



Ib 


Fig. 93 (a) 

An Inclined plane 

. fft) ABC is in inclined plane with an inclination ol (X. 

.*.-1 ■w * 
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AB is called the lr,ujih (1), BC the Ime (h), and,40 the Might (h) 
of the plane. 

Let W be the weight of the body, and P the force continu¬ 
ously acting on it in a direction parallel to the plane. 



The component of W perpendicular to the plane 

= W cos a =R, the normal reaction of the plane. 

The component of W parallel to the plane, which only is- 
effective in dragging the body down the inclined plane is 

= W sin a. This must be balanced by P. 

P = \Vsin« ... (63) 


W 1 I 

Mechanical = t» = / 

1 , P sin a h 

advantage 


... (64) 


The above relation may also be obtained from the principle 
Df work : 

Work done by P in drawing the body up the whole length 
of the plane = P X 1. 

Work done by W against gravity 

= W X the vertical height 

through which W is raised . ■' 

= Wx/t. 

By the principle of work, 

PX Wx/i 

W 


Mechanical = 
advantage 


_ I 

. P h 
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The inclination of an inclined plane may be indi¬ 
cated in either of the following ways: 

(i) by the angle of inclination, «. 

(ii) by any two of the three parameters 
Z, b and k. 

(hi) by a ratio ytx, where y denotes the ver¬ 
tical height of the plane corresponding to a length 
of base x. 

(iv) by a ratio yU, where y denotes the ver¬ 
tical height of the plane corresponding to a length I 
along the plane. 

The ratios are expressed as ?/ in I, y vertical to / 
along the slope, and so on. A plane having an incli¬ 
nation of 1 in 100 is one whose height is 1 unit of 
length for a length of 100 units along the plane. 

If a railway engine has to pull a train up a hill 
with an inclination of 1 in 50, it has to exert a force 
oqual to only of the weight of the train in'addition 
to what it will have to exert on a level railway mere¬ 
ly to overcome the friction. The principle is applied 
in practice in loading or unloading heavy goods into or 

out of a wagon by means of two 
inclined beams connected by iron 
ties ; in following a zigiag-course 
in climbing a hill or going up a 
long stair-case etc. Again, the 
smaller the slope, the easier is the 
ascent ; this is also seen in the 
case of common ladder or a 
staircase in a house. 

The wedge is a double inclined 
plane, movable instead of being 
fixed as in the case considered, 
made of iron or some hard material 
and used in spUttingjWOod (Fig. 94), in lifting a weight 
Buoh ^ irajuadtig large? blocks in order to put rollers or 



Ei g; 94 
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chains under them. Knives, chisels, axes, choppers and 
many other cutting instruments are thin wedges with 
sharp edges. 

86. The Screw. —Every one is familiar with a 
screw. It is essentially an inclined plane wound on a 
cylinder. 

Expt. 17. Take a piece of paper ABC cut into the 
shape of a right-angled incliud plane of a small angle. Colour 
the edge AB and wrap the paper round a cylinder, say a common 
pencil (Fig 95), so that the base is at right-angles to the axis of 
the cylinder. The edge AB will form a spiral curve on the 
c\lindcr and will trace a screw. 



Pig. 95 _ 

The screw is essentially an inclined planeT*^ 

Thus a screw consists of a cylinder of metal whose 

surface carries a 
uniform projecting 
thread, or has 
a groove cut on it 
along a spiral curve, 
making a constant 
angle to lines 
parallel to the axis 
of the cylinder. The 
section of the thread 
of the screw may be 
of different shapes 
Fig. S6 square, V^shap- 

Screw-press ed etc. 

The angle which the screw-thread makes with a 
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plane at right angles to the axis is called the ANGLE, 
of the screw. This is the angle ABC of the inclined- 
plane which traces the screw. 


The distance between two consecutive threads, 
measured parallel to the axis such as AB, is called* 
the pitch of the screw (cf. §15). If there be 15 
threads for each inch of the axis of the cylinder, the 
pitch of the screw is said to be 1/15 inch or 15 
threads to an inch. 



Fig. 97 
Jack-screw 



Fig. 98 
Vice. 


The screw is exten¬ 
sively used for fixing, 
two bodies together. 
As a contrivance for 
exerting a great pres¬ 
sure it has its practi¬ 
cal application in a 
vice, printing-press, 
oil-press etc. The 
jack-screw is used for 
lifting weights. Screws 
are used in the labo¬ 
ratory to produce 
small motion, e.g.. 


the levelling screws. Very small lengths a.re again 
measured by a micro-metre screw, e.g., a screw- 
gauge, a spherometer, etc. 

We shall consider the application of the screw in 
the screw press shown in fig. 96. It consists of a. 
screw provided with a cross arm A at one end and 
a rectangular metal plate B at the other. The screw 
works in a frame work attached to a metal platform 
P over which the articles to be pressed are placed. 
Wljen the crc^s arm is rotated in the right way, the 
plate B i^, lowered until presses against the plat¬ 
form. Iii ^ach complete revolution of the cross arm, 
the plate is lowered through a vertical distance d 
whi^liv|i'’^^al to the i)itch of the screw. Let r be 



-87] 


MACHINES 


177 


the radius of the cross arm and let a force P act at 
each of its ends at right angles to it. In a complete 
revolution, the point of application of each force 
moves through a distance 2tr?' so that the total whrk 
done is 2 27rr P or*47rr P. 


If F is the force exerted by the plate B, the work 
done by it is ¥(1. Then, by the principle of work, 


47rr 

Or 


p - m 
F_ 4:Trr 

P d 


Thus if r is greater than d, which is always the 
case, a small force applied at the arm appears as a 
much greater force exerted by the plate B. 

[ ) - The end-less screw (Fig. 99) is a combination of a 

screw with a wheel 
and axle. The screw- 
thread fits in a tooth¬ 
ed wheel in such a 
way that when the 
screw rotates, the 
wheel moves for¬ 
ward one tooth for 
each turn. It is to 
be noted that here 
the screw does not 
advance. A rapid 
motion of the screw-shaft is converted into a slow 
motion of the wheel. The endless screw is employed 
in many instruments for registering speed. 

87. The Balance.- —The Balance is used for 
comparing the masses of two bodies, or rather for 
determining the mass of a body in terms of a stand¬ 
ard mass. This is, of course, done by comparing the 
weights of the bodies, as weights are proportional to 
their masses at the same place. 

A description of the iSOmmon balance has already 

B—12 



Fig. 99 

End-less screw 
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been given in art. 17. It consists of a lever of the first 
kind with its fulcrum in the middle and placed a little 
above its centre of gravity. From the ends of the 
arms of the lever two equal and similar scale pans are 
suspended ; the mass to be weighed is placed on one 
of these and is balanced by placing suitable weights 
on the other. The arms of a balance ought, as we 
shall see latter on, to he equal and similar, if the 
balance is to be accurate. 


In a good balance, steel knife-edges are used to 
diminish friction ; one at the fulcrum and two at the 
ends of the two arms. The fulcrum consists of a 
wedge-shaped piece of hard steel, whose fine edge is 
horizontal and perpendicular to the length of the beam 
and rests on hard plates of steel or agate. The scale- 
pans are attached to plates of steel or agate, which 
rest on similar knife-edges, fixed at the extremeties of 
the beam with their edges turned upwards. A needle 
cor a pointer is fixed to the beam near the fulcrum ; the 
lower end of the pointer moves over a horizontal scale, 
•such that when the beam is horizontal, the pointer is 
vertical and points to the zero graduation of the 
ecale. 


88. Requisites of a Good Balance. —A good 
balance should be so constructed that it is (1) true, 
(2) senntiue and (3) stable. 


(l) A balance is said to be true if the beam be 
horizontal whenever bodies of equal w'eights are 
placed on the scale-pans. 

The conditions required so that a balance may be 
true are that—(i) The centre of gravity of the beam 
must be v$rtiG,ally below the fulcrum when the beam is 
karizontaL * 


^ condition of stable equilibrium requires 

centre otf gravity and F, the fulcrum must, 
be liime vei^ical line. Then if G be above F, 
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the beam would be unstable, if G coincides with F, 
the beam w^ould not oscillate and would, if slightly 
disturbed, continue to retain its new position but if 
G be below the fulcrum, the weight of the beam in 
its inclined position <?outinually tends to bring it back to 
the original horizontal position ; in other words, the 
balance oscillates w'ith regularity. 

(ii) the two arms of the balance must be equal. 

In fig. 100, let ’ 

W = weight of the beam acting through G, 
its centre of gravity, 

S,S = weights of the scale-pans respectively, 
and AF = a and BF = b. 

Now suppose the pans are empty and the beam is 
horizontal. The only forces which have a moment 

a F b B 
5 

Fig. 100 

about F are the weights S' and S of the pans acting 
vertically through A and B respectively. Taking 

moments about F, w'e have 

S.fl = S'ft ... ^(i) 

Let two equal masses P and P be now placed on 
the two scale-pans : if the balance be true, the beam 
will still be horizontal. We have then 

(P + S). ft - (P + S'). b 

and from eqr.(i), P. ft= F. b 

i.e., ft =* b 

Hence the arms should be equal 
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(iii) the Scale- pans must be of eqital weights, 

For, unless this is so, the beam cannot be horizon¬ 
tal when the arms are equal (eqii. i). 

(2) A balance is said to be sensitive when the 
beam deviates appreciably from its horizontal position 
for a very small difference between the weights on 
the scale-pans. A good chemical balance will indicate 
a difference of weight down to a tenth of a milli¬ 
gramme. 


B 


Let two unequal 
masses P and Q 
be placed on the 
two scale-pans 
and let the beam 
be thereby in¬ 
clined by an angle 
B to the horizon¬ 
tal position. 

For a given value 
of P - Q, the grea¬ 
ter the inclination 
B, the more sensitive is the balance ; also the less the 
difference of P and Q, required to produce an incli¬ 
nation d, the greater is the sensitiveness of the 



balance. 

Hence the sensitivity of a balance “ 


e 

P-Q 


The eopditions that a balance may be sensitive 
are that 

(i) the centre of gravity of the beam sJiall 
he very near the fulcrum ; 

, * (ii) the beam should be light; 

To ffdd the conditions of sensitiveness we assume 
that the balance is ^e. Let the centre of gravity of 
the bffi# bf ftt Q (l^g. 101), a distance k below the 
li^Ml^.rWhen th| beam is inclined, its weight W 
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will have a moment equal to W.A: sin 6 tending to 
restore it. In order that a balance may be sensitive, 
i.e., the inclination for a small difference of P and Q 
may be considerable, this moment of W about F must 
be small. This can be secured by making either k or 
W or both small. 

(iii) the arms should he long 

This condition is obtained from the fact that the 
inclination of the beam will also be great, if the mo¬ 
ment of the difference of the weights on the pans is 
large. This moment, since the balance is true, 
is (P - Q)a. Thus the sensitiveness of a balance 
may be increased by increasing a, the length of the 
arms. 

(3) A balance is said to be stable, when the beam 
after being disturbed, quickly resumes its original 
position of equilibrium. A balance would evidently 
be useless for weighing, if its equilibrium were un¬ 
stable or even Jieutral. 

For this, it is necessary that, when the scale-pans 
are equally loaded, the beam after displacement should 
<5ome back rapidly to its position of equilibrium. Now 
in the inclined position of the beam the only moment 
that tends to restore it to its original position is that 
of the weight of the beam. 

For great stability and for a given weight W of 
the beam, therefore, k must be large ; in other 
words, the centre of gravity must he well below the 
fulcrum. 

It will be noticed that a balance is most sensitive 
when k is very small, and most stable when k is 
large ; thus the conditions of sensitiveness and quick 
weighing are to a certain extent contradictory. In 
practice, this does not affect much, since the purpose, 
for which a balancq^ is required, determines the 
relative importance between the two conditions- 
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Thus for a balance used for ordinary commeiroial 
purposes such as in weighing coal, the. main points 
are stability and rapid action ; for a balance used for 
research work in a laboratory, quickness of weighing 
may be sacrificed for sensitiveness. 

For an ordinary good balance in a laboratory, a 
fair sensitiveness and reasonable rapid action can be 
, secured by making k not very small and allowing 
the balance to have light and long arms. 


89. Double weighing. —In anv case where the 
accuracy of a balance is doubted, either of the two 
following methods of double wfigliing is adopted to 
find the true w^eight of a body :— 

(a) Bobda’s Method op Substitution.—-T he- 
body to be weighed is placed on the right-hand pan 
and is counterpoised exactly with fine sand or small 
shots placed in the opposite pan. Then the body is 
removed and replaced by standard weights fi'om a 
weight-box until an exact balance is obtained. These 
weights are evidently equal to the required weight of 
the body, whether the balance is false or true, for 
these as well as the body are placed on the same pan 

and produce the same 
effect under exactly tho 
same circumstances. 

(h) Gauss' Method.— 
The body is weighed in the 
ordinary way first in one 
pan and then in the other. 
If the two observed 
w’eights are equal, each is 
equal to the weight of the 
body and the balance is 
true ; if not, the balance 
is false. 



; 102 ; 

weighing 



the balance is in exact 

m 


equili 
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brium when there is no load on the pans, and that it 
is false due to unequal lengths of the arms. 

Ijet a and h be the lenghs of the arms and let a 
body whose true weight is W, appear to weigh W, 
and \Va when placed on pans S and 82 respectively. 
We have 
W. « = 

and W 2 . a = W.b 
By cross-multiplication, 

W.,. ab 


or W =v"Wi. W, ... ...(65) 

i.p., the true weight W is thegreometric mean of the 
observed weights Wi andW?. 

Gauss’ method is superior to Borda’s, for it is 
quicker and the two readings in it can act as a check 
to each other. 

When, however, Wi and Wz are very nearly 
equal as they generally are, so that 

Wj = Ws - 8 

where 8 is small, a sufficiently accurate result is 
obtained by taking the arithmetic mean instead of 
the geometric mean of Wi and Ws. 

For W = \"W, X (\\\ - 1 - 8 ), from eqn. (65) 



Neglecting higher powers of 8 , 



= W,+ 


2' ~ 


W, + w. 
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The ratio of the lengths of the arms may also be 
obtained from the formula? given above : 


For 


a 

b 


a 

b 


W, 

w 


and 


a _ W_^ 
b Wj 


V W xw. 



( 66 ) 


Again, suppose that a tradesman uses a false 
balance having unequal arras of lengths a and b, and 
weighs out to a customer a certain quantity of a 
commodity which balances a weight W i)laced on 
one scale-pan. He then removes the weight W to 
the other scale-pan and weighs a further quantity of 
the same commodity. He is under the impression 
that he gives a quantity 2W whereas really he gives 
a quantity Wj+Wj, where Wi and W 2 are the 
true weights which balance the weight W when 
placed on the two scale-pans. 

Now 

and W 2 . h — W. a 

W, + W, - 2W = W. — + W. - - 2W 

a b 


_ O ' f - 2 (I.h ' 
' uJ) 


) 




,(o - /;)■ 
ah 


which is alw’ays positive so long as a and b are 
unequal. It follows that 

Wi +W.2>2W 

i.e., the tradesman is a loser and loses by 

, " ; - , ah 

Ihbe Platform Balance —When very 
he4yy*aiid l^plky loaids are to be weighed the ordinary 
balati&^jbftisdtues useless. We then take recourse to 
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weighing machines, such as the platform balance or 
the weighbridge, 

Fig. 103 represents a platform balance. The plat¬ 
form P rests on t^o knife-edges a and b which are 
near the fulcrums Fj and Fa. 



When a load is placed on P, the pressure is dis¬ 
tributed at the points a and h. A short vertical rod 
at c connects the end of the lever c5Fa to a point d 
on the lever edaF . Thus the pressure at a and b 
due to the load is communicated to the far end e of 
the lever edal^i. Since Fsc is greater than hFi and 
cF is greater than both aF^ and <iFi, it is evident 
that the downward pressure exerted at e due to the 
load is much smaller than the weight of the load. 
Again the end e of the lever eda'Pi is attached by a 
vertical rod to the end / of a third lever / F* (/ close 
to its fulcrum Fe. Hence the far end g of this lever 
■experiences an upward force which is proportional 
to but much smaller than the weight of the load 
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placed on P. This force is counterbalanced by weights 
which are so calibrated as to give the actual weight of 
the load. Fractions of the smallest weight suspended 
from g are obtained by sliding an e<iual weight along 
the arm r?Fs having calibrated graduations engraved 
on its edge. 

The weighbridge is another form of a weighing 
machine used to weigh still heavier loads than can be 
weighed by means of the platform balance, such as 
a wagon of coal, a cart full of sugar-canes and so on. 
It also consists of a system of levers and works essen¬ 
tially on the same principle as that of the platform 
balance. 


Exercise.—Vlll 

L A whei’] and axK'IS used to rinse a hu(’k».t from a welJ. 
The rudiu.s of the wheel is 15 ins-, and wlnle it makes 7 
revolutions, the bucket \vhich vveijihs SO Ibt , lises 5^ ft. Show 
what is the smallett force that can be emplovcd to turn the 
wheel. [L(vd. Matr\c.'\ 

2. Find the inclination of a plane, if a horiicoiital force 
of 5 kilograms’ weight can ]Ufct move a mass of 12 kilogrammes. 

8. A lever is 18 inehos long. Where must the fulcrum bo 
placed in order that a weight of 10 lbs., at one end may balance 
double its weight at the other end ? 

4. A man whose weight is 200 lbs. is .seated in a loop at 
one end of a rope passing over a smooth fixed pulley, and ho 
holds the other end of the rope with both hands. Find the 
weight supported by each of his hands, supposing that they 
supported equal weights and that the tw'o portions of the rope 
are parallel. 

, 6. If the^e are six parts of the string at the lower block of 
a'block^aud tackle, find the greatest weight which a man 
weighing can possibly support. 

^ Aj man raises ai, 4 ft. cube of stone, weighing 2 tons,by 
*^iow-bar $ ft. long, after having thrust one end of 
IXHt the stone to a distance of ,6 inches ; what force 

1^ Api^lied at the other end the bar to raise the stone ? 
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7. In a pair of nut-crackers, 6 inches long, if the nut be 
placed at a distance of 1 inch from the hinge, a force equal to 
yj lbs. wt. applied to the ends of the arms will crack the nut. 
What weight placed on the top of the nut will crack it ? 

8. Describe with* a sketch the balance you have used in 
your Laboratory. 

What are the requisites of a good balance ? [C. U. — 1922}•> 

9. Describe a platjorm balance. 



CHAP TER X. 

PENDULUM 


91. The Pendulum.- —If a body is suspended 
in such a way that it can oscillate freely about a fixed 
point or line as axis, it is called a 
pendulum or more correctly a compound 
or a physical pendulum. The pendulum 
of an ordinary clock is a particular 
type of the compound pendulum and is 
represented in fig. 101(a). It consists 
of a metallic rod A which turns about 
an axis at the upper end and carries 
at its lower end a heavy, lens-shaped 
mass of metal B called the bob, which 
can be raised or lowered along the rod 
by means of a screw S. 

A simple pendulum consists of a 
heavy varficle suspended by an inex- 
tensible string, wtVnmU and 

oscillating icithoui Unction about a pointy 
to which the upper end of the string isj 
Fig. 104 (a) attached. Such a pendulum cannot 
A compouna .evidently be realised in practice. A 
", pendulum' small * sphere of lead or some other 
metali suspended by a thread so fine 
iihat itu; mass and height may be negligible, forms 
^ iip|)|oximati<}n to a simple pendulum. 
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Fig 104(b) represents a simple pendulum. A is 
the metal sphere called the bob, suspended by the 
string OP from 0 the, , point of suspension. 
distance bet\Yeen the 
point of suspension and 
the centre of gravity of 
the sphere, ?.e., the geo¬ 
metrical centre, is called 
the lengthy, of th^ pendu¬ 
lum. 

When the bob is drawn 
aside from its position of 
rest and then let off', the 
pendulum oscillates to and 
fro in a vertical plane. It 
is said to perform one 
oscillation or, more strict¬ 
ly. one complete oscillatjpn 
when starting, from any 
point in its path in a given 
direction it comes back to 
the same point while mov. 

Fig. 104(b) 

A simp’e per.duium 

ing in the same direction. 
Thus in fig. 105 when the 
bob starts from A, moves 
towards B, retraces its 
/ j \ path to A, moves further 

to C and then comes back 
to A, it performs one com¬ 
plete oscillation. 

of 

the bob from the position 
Fia. 106 of resFIS posi- 

Motion of £|(4iznpl6 pendulum tion on either side is called 
the amplitude and th^j^ime taken taperipVwldhe pft- 
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plete oscillation is called the period of oscillation 
• of the pendulum. The member of complete .i^cillations 
performed in. one second is called its fre^^uency. 

92. Motion of a Simple Pendulum. —When 
the pendulum is at res't, the weight of the bob acts 
vertically downwards and passes through 0, the 
point of suspension, so that the string is vertical. 
Suppose that the bob is drawn aside to the position 
B, so that OB makes an angle 9 with OA, the verti¬ 
cal direction. At B the weight mv of the mass m can 
be resolved into two components one B acting 

along the string and in the direction BD, and the 
other mg sin B acting in the direction BE. The first 
of these componfihtaAe.cps the string taut and 
lanccd by the tenkfon in the string. Hence the bob 
during its, motion describes an arc of a circle of 
radius where I is the length of the pendulum. The 
sec 9 n^^coipponent is effective in producing in the 
mass m of the bob an acceleration g sin B in the direc¬ 
tion BE which is evidently the tangent to the arc BA 
at B' On ^account of this acceleration the bob will 
come down along the arc BA whose centre is point 
of suspension, when it arrives at the lowest posi¬ 
tion A, it has acquired a velocity so that by virtue 
of its inertia it does not stop at A but continues to 
move along the arc AC on the side opposite to B. As 
, the bob rises, however, the force due to gravity acting 
[■downwards now opposes the motion which accoidingly 
becomes slower. Had there been no resistance of the 
air and friction at the point of support, the bob would 
stop on rising to a point C at the same height as B. 
It then descends again, passes through its mean posi¬ 
tion A and returns to the point B. It will thus con¬ 
tinue tq oscillate between the two points B and C for 
-an^mdefinitn iumber of times, all the .vibrations being 
of eqti^l dilentd and executed in equal internals of 
‘time. 
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la practice, however, the.,eAetgsr.-Ol the, pendulum 
slowly diminishes^ a part of it being continually spent 
in overcoming the resistances to motion. The effect 
is that the amplitude of its oscillation gradually 
diminishes until ttie whole stock of its energy is 
exhausted, when it comes to stop at its initial position 
of rest at A. ^ 


If $jAs sniall, the arc AB may be 
straight fine and 

V 


Smd = e 


_arc AB 

radius I 


regarded a 


The acceleration of the bob is given by ^ 

Acceleration == (j sin = yfl = fz/f x AB. 

But AB is the displacement corresponding to B. As 
B decreases, the acceleration of the bob decreases 
and the displacement also decreases, the relation 
between the last two quantities being given by 

Acceleration = g/l x displacement 

The bob of the pendulum therefore moves in a 
straight line, its acceleration being always directed 
towards the central position A and proportional to 
its displacement from A, for g/l is a constant. The 
motion is consequently a S. H. M. (see ^35 )and the 
period according to eqn. (26) is given by 

Acceleration _ 0 _ 

displacement I T^ 

or T = 2^ \/ -- 

■ It is thus seen, that so long as the amplitude is 
small (^ not greater than 2' or 30. the period of a 
pendulum is independent of it and also of the mass 
of the bob. This formula embodies all the laws of the 
eimple pendulum and provides the most accurate 
means of determining g. 
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0^/93. Laws of the Pendulum. —The oscillations 
of a pendulum are expressed ^ the following laws •— 

Law I.—Law of — The oscillations 

of a pendulum are isochronous i.e.peffected in equal 
times, provided the amplitudes are small. This law is 
perfectly true whemthe angle of displacement is not 
more than 2“ or 3V The uniform rate of motion of 
/clock depends on this property of a pendulum. 


a 


For, if I and j/ are constant, eqn. (67) indicates 
that X will also be constant ^ 

The law was first discovered by GALILEO. This was his first 
discovery mad»* before he was twenty years of age, and while he 
was still a student of medicine at the University of Pisa. He 
happened one day to ob'ervo in the cathedral at Pisa the swing¬ 
ing of a bronze lamp hanging from the lofty roof and was struck 
by the fact that the period of occillations of the lamp remainedf 
constant although the amplitudes were getting smaller andr 
smaller. To make quite sure of this, he put his fingers on his 
own pulse and comparing its throbs with each swing of the 
lump, found that there was always the same number of beats to^ 
every swing. Following up this simple observation ho dis¬ 
covered that a weight at the end of a cord wil) always take the 
same time to swing backwards and forwards, so long as the cord 
is of the same length and the arc through which the weight 
moves is small. This was the beginMng of the pendulum, 

I though at first it was only used by physicians to count the rate 
of a patient’s pulse-beats. The ment of having first made the 
applioat on of a pendulum to dorks is generally attributed to 
Huyghe ns. 

Galileo discoxered also the law of length which is given 
below. 


Law II.—Law of Length. —The period of oscilla¬ 
tion of a simple pendulum varusas the square root 
of the length, i.e. T^Vl. ThusiTthe length of a 
pendulum is increased 4, 9 or 16 times, the period 
will be 2, 3 or 4 tiihes respectively. 

^ The length of a simple pendulum is, as already^ 
nuentioj^dd^ the distance between 0, the point of 
and the^entre of the bob. In a physical 
Ibia is gi^ien by the distance measured from’ 
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the point of suspension to the centre of gravity of the 
whole body undergoing oscillation. For example, 
when a pendulum is of the form represented in 
fig. 103, its length ig the distance between 0 and G, 
where G is the centre of gravity of the rod, bob, 
screw etc., taken as a whole. 

When a clock is going too slow or too fast, the 
length of its pendulum must be altered to regulate it. 
If the clock goes too fast, it means that its pendulum 
oscillates too quickly and the period must therefore 
be increased. This is secured by lowering the lens- 
shaped bob a little along the pendulum rod by means 
of the adjusting screw provided for the purpose. 
This procedure lowers the C. G. of the system 
the^by increasing the length of the pendulum. 

vLaw III .—The period of oscAllation of a simple 
penduUm is independent of the mass and the material 
of the hob. In other words, if the length of the’ 
pendulum remains the same, it does not matter 
whether the bob is heavy or light, is of wood or 
' brass, or ivory or of any other material ; the time 
of swing will remain the same. 

y Law IV . —The period of oscillation varies inversely 
as the square root of the acceleration due to the gravity 
at thexjlace where it oscillates, i.e., T^llVg 

It follows that if the value of at a place is 
greater than that at another place, the period oi 
osciila^n of a pendulum will be smaller, i.e., th« 
vibrations will be quicker. 

Thus a pendulum will oscillate quic ker at the 
poles than at the equator. ^ * 

Experimentail Verification of the Above Laws ; 

Arrange an apparatus as in Fig. lOi. Draw the bob asid 
taking care that the displaiceinent from the vertical position i 
not too great. Then release the bob smoothly. It will begh 
to oscillate freely. Note by ^ineans of a stop-watch the tota 
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time taken by the pendulum to perform some 20 complete 
osoillations. This time divided by 20 gives the period of oscill¬ 
ation of the pendulum. Repeat the experiment and measure 
the per od each time. It will be seen that the period remains 
the same in each case. This proves the |ruth of the first law. 

Determine the periods of oscillation by varying the length 
of the supporting string. Bv means of a slide calipers measure 
the diameter of the spherical bob and hence find its radius. 
The length of the supporting string plus the radius of the bc>b 
gives the length I of the pendulum. Tabulate your observa¬ 
tions BO that one column contains the observed periods, while 
a second one contains the square roots of the corresponding 
lengths 1. It will be found that T/ V I is constant. This verifies 
the second law. 

Use bobs of different meterials in turn. Adjust the length 
of the string in each case so that the length of the pendulum 
i.e,, the distance between the point of suspension and the 
centre of the ball remains the sjine. Observe the period each 
time. The period will be found to be unaltered. This verifies 
the third law. 


Tbe verification of the fourth law cannot obviously be 
accomplished at the simo place. The results of observations 
mad^y sevoril observers ai different latitudes show, however, 
that^is law is also true. , 

^94. Value of V’ by the Pendulum. —The < 

formula for the period of an oscillation of a simple 
pendulum provides an excellent and the best means 
of determining accurately the value of g, the accelera¬ 
tion due to gravity at a place. If we observe T and 
I, we have 


T = 27r 



whence 


^ ^ (p2 


( 68 ) 


and from this we can calculate g. 

The pendulum experiments have established that 
while g is a constant for all bodies at a given place 
on ttie" eal’th's surface, it varies from place to place ; 
in, words,, thief value of g varies with the latitude. 
It as 0^0 ^ proceeds from the equator to 
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either of the poles. It is about 979 cm. per sec. per 
sec. at the equator and about 983 cm. per sec, per sec. 
At the poles. This diminution of g from the poles to 
the equator has allftady been considered (art 57). 

The VaUie of V’ helow th^ Surface of the Earth .— 
Experiments with a pendulum show that the period 
•of oscillation of a pendulum increases as we ascend 
higher above the sea-level, or descend into the earth 
as in a mine. It follows from eqn. (68) that the 
acceleration of gravity g diminishes with increase of 
height above and with increase of depth below the 
surface of the earth as in a mine. The first fact has 
been proved in art. 57. The diminution of g as we 
descend below the surface of the earth remains to 

be explained. It may be 
‘ theoretically shown that a 
spherical shell exerts no 
gravitational force on any 
particle placed inside it. 
Consider a point P at a 
depth d below the surface 
of the earth as in fig, 106. 
Describe a sphere through 
P round 0, the centre of 
the earth. Then the point 
P is inside the spherical 
shell (shown shaded in the 
figure) of thickness d 
whereas it is outside a sphere 
of radius E - d, where E is the radius of the earth. 
Since the shell exerts no force on a particle at P, 
the only gravitational pull that - the particle expe¬ 
riences is that due to the sphere of radius E - The 
volume of this sphere is (E-c?)® and the volume 
of the whole earth is i’*‘E'‘^. Hence the mass of this 

sphere is u e., (E-d)VE«, of 

the whole mass of the earth. 



Pig. 106 

Acceleration of gravity at 
a point inside the earth. 
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Hence the gravitational force attractingparticle 
of mass m towards the centre of the earth is giv^n 
by 

Force = G. J m j/ (B - df, 

where G is the gravitational constant and M, the 
mass of the earth 


_ Mwi 


B-d 

K 


Acceleration of gravity at P is given by 

M B-d 

0 


= G. 




B-d 


B 


B 


(69) 


where (/ is the acceleration of gravity on the surface 
of the earth. 

This equation shows that the acceleration due to 
gravity diminishes as the depth d increases, i.e., as 
we^escend lower down into the earth. 

V 95. The Seconds Pendulum. —A simple pen¬ 
dulum which makes half a complete oscillafion in one 
second, is called a seconds pendulum. Hence putting 
T*=»2 secs, in eqn. (67) for the period of oscillation, 
we have 




V 

i j 


I 

0 


(70) 


This gives the leng^ of the seconds pendulum. 
■ Sinc4 g varies at mnerent places on ihe earth's 
Burlacprl^e length of the seconds pendulum also is 
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nofc the same for all places. For an approximate 
value, putting g = 32*2 ft. per Sec. per sec. and — 9’87, 
we have 

^ = 3*26 ft. =3912 inches, 
and putting g = 981 cm. per sec. per sec. we get 

Z = 99 39 cm. 

Examples : 

1. A faulty seconds pendulum loses 9 seconds per day ; find 
the required alteration in i^s length, so that it may keep correct 
time. 1 day = 86400 seconds. 

Since the pendulum loses 9 seconds per day, it beats 
(86400 — 9) or 86891 times per day i. e.., in 86400 seconds : so 
that its time of half oscillation is 86400/86391 second (and not 1 
second as it ought to be). Lot 1 be its length 


Then 


V I 86400 
g “ 86391 


( 1 ) 


‘Let its length be changed from Z to Z-f a; to make it keep 
correct time ; since, in that case, it becomes a true seconds 
pendulum, its time of half oscillation becomes 1 second. Hence 



Subtracting we have 

o£r /86400\2 

'■(■I 

-{-skr 

86391 
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' 'V 

tiie length the pendulum must be shcrtened by 

aooeia/ ^ { 

2 laws of |he pendulum. 
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The following readings were obtained 
pendulum.— 

with a simp’e 

Length 

Time of 
O8d*llation 

Length 

Time of 
oscillation 

20 cms. 

‘45 sec. 

80 cms. 

‘94 sec. 

80 ., 

■55 „ 

95 „ 

•98 „ 

42 ,. 

•65 „ 

102 „ 

1-01 „ 

56 „ 

■74 „ 

115 

1*07 „ • 

70 „ 

•835 „ 

ISO „ 

1-14 „ 


Represent by a graph the relation between length and time, 
and hnd from your graph the time of oscillation of a simple 
pendulum ot length 50 cm. [C. U. —1916] 

In the above graph 

I small division along X- axis=4 cms. 

I qmall division alongY- axis='02 secs. 

From the graph the time of oscillation of a simple 
pendulum of length cms ==‘71 secs. 


Exercise IX 

1. Two simple pendulums of lengths, 1 metre and 1*1 metre 
respectively start swinging together with the same amplitud : find 
the number of swings that will be executed by the longer 
pendulum before they are again swinging together (g=978). 

[C. U.—1909J 

2. Describe in detail how you would test by means of pend¬ 

ulum experiments whether the acceleration due to gravity 
is the same for nil substances fC. TJ.—1910j 

8. State the laws of oscillation of a simple seconds pendulum, 
at a place where g is 981. 

When a ball suspended by a string is made into a ‘seconds 
pendulum’, does the actual length of its string equal the length 
of the equivalent simple pendulum ? If not, why ? 

[ 0. IT.-1912J 

4. State the . laws of oscillation of a simple pendulum. 
Describe the effect of temperature on the period of oscillation 
of a compound pendulum. [C. U.—1918J 

6. The laws of the simple pendulum are summarized in 

the formula iWplain clearly the meaning of each 

symbol in the fcrmula. 
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If the frequency of oscillation of a pendulum is 98 per minute 
at a place where gr = 980 cm. psr sec., find the length of the 
pendulum. [C. U.—1910] 

6. What is a Simple Pendulum ? ^nd the length of the 
Seconds Pendulum ? at a place where p = 981. 

What is the exact moaning of the statement p=981 ? 

Will a pendulum clock gain or lose when taken to the top of 
a mountain from the bottom ? [C. U.—1917 19] 

7. State the laws of a simple pendulum. How will you 
proceed to determine the ‘g' of a place with pendulum ? Give 
the practical necessary and state reasons. 

What is the effect of the height above, or the depth below the 
surface of the earth, on the periodic time of a pendulum ? 
Explain. [C. U.—1921] 

8. State the laws of the pendulum. Will the period of 

vibration of a pendulum bo affected, if it be taken to the top of 
hill ? Give reasons for your answer. [C, U.—1924] 

9. State the laws of a simple pendulum, and explain how 

they are verified. fC. U. = 1928 ; 32j 

'’'10. A pendulum of length I lofes 6 secs, a day. By how 
much must it bo shortened to keep correct time ? [C, U.—1982] 

11. Explain why a given pendulum oscillates more quickly 
on the surface of the earth than in a deep mine. 
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96. Work .—Whenever - a body on which . a 
ioxQQ acts, is displaced in the d,irectiou in which the 
l orce acts, work is said to be done by the force. 



A horse drawing a cart along a rough level road 
does work ; an engine drawing a train does wrork. In 
-each case, the body pulled on moves in the direction 
in wdiich the force is exerted. Here wo rk is done by 
^ajorce. 

But at the same time wo rk is a l 8 o_don 0 
■ some ot her force. Thus when a horse draws a cart, 
woiFTs”” done against the frictional resistances of the 
^^round ; in fact, had the ground been perfectly 
smooth, no w'ork would have been done in drawing 
a body along its surface ; similarly, when a heavy 
mass is lifted pp from the ground, work must be done 
against its weight, i. e., the force of attraction due to 
gravity. 


The work done by a force, is measured by the iro- 
duct ^f'^t^ i^ ^aynitu de of the forpe,.in4 ^ 

meat measured along the line of action of the force. 

Let s be the displacement of the point of applica¬ 
tion of a force F in the direction of action of the force, 
then W, the work done by or against the force is 
given by 

W^F.s ... ( 71 ) ■ 


When th e displacement s takes place in adirec- 
ite, .^mponent d tkej 
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of the force is g_cds^ . The work done by the force 
is given by ^ 

« ... (72> 

The product F.s cos 0 may also be looked upon 
as the product of the displacement s and the compo¬ 
nent F cos $ of the force in the direction of the dis¬ 
placement. 

j It should be noticed that^^o^OTk.^ 
«f<iES£jtLJl^uasIion__at..right ttnSes to - that of the 
fQ^^for a {gr.pe^ has no component in a. direction 
perpendicular to its. own line of action. Als o no work 
is^done, when, them is no displacement of tnepoint 
^ Jwju ch Jhe. force acts. Thus when a man is 
unsuccessful in lifting a heavy weight, however hard 
he may try to do it, he does no work against the force 
of gravity. Moreover, in the expression for work, 
the time in which the displacement takes place, does 
not occur. Hence ^prk„ joDg„fqf a j»iven displacement, 

From a practical point of view, however, it is 
important to consider not only the amount of work 
done, by ^a machine but also the time taken by it to 
4do the work : in other words, .thi rate at which it is 
|49S®;, . This cgjiled 

Untis of Work ,—The unit of work is the 

TOtiorce, in.-disph^^^ a . body through 
uolt jiiataiicam^ ita^own direction. 

Just as there are four different units of force, so 
there must be four different units of work. These 
are ;— 

^i) the erg -- > C> ^>6 

the foot*poundal 5 

the gragfi-centimetre and-*»«^ 
ilk) ^ footipound.-f. 6 
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(i) The «g is tim amount of work done by a 
through, cmtim&tre in its own direct 

V "■ /(p . 

(ii) The foot-poundal is the amouTtt of work 
done by a force of one poundal in displa- 
cmg a body Ihrou^ one foot tn %ts own 

, ' - direction. 

(iiO ^'The gram-centimetre is the afnount ofiuorh 
lone by a force of one gram-weiyht 
ni displacing a body through one centi¬ 
metre in its oiun direction. It is there-A 
fore egual to the work done by gravity]^ 
when a mass of one gramme falls freelyj 
through one centimetre. — y\,\; / > ,v 

j 

(iv) The foot-pound is the amount of work 
done by a force of one pound-weight in 
displacing a body through one foot in its 
own direction. It is therefore equal to 
j the work done by gravity when a mass 
y of one pound falls freely through one. 

?' ^ ‘ 

The first two of these units are absolute units for 
they are constant under all circumstances. The last 
two are called gravitational units for they depend on 
the magnitude of the gravitational force exerted on 
unit masses. These are, therefore, not constant but 
varies from place to place. The first and third both 
belong to the C. G. S. system and the second and 
fourth belong to the F. P. S. system. 

Since 1 gm. - wt. is eaual to Oe'f^dynes, and 1 ib-wt. 
IS equal to 32 2 youndals, 

i«.jrTO:eentimetre = 9.81>sg^ 

1 foot-pound = 32'2 foot-poundals. 

i«v,.„A*-. "'9'I'' r ^ r 

The erg is a very small quantity ; for example, 


(ii) The 


(ifO" % 


ly througrione foot in its own 
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the work done in lifting a pound through 1 ft., i. e., a 
foot-pound is given by 

1 footpound = 2 foot-poundals 

.. ■ = 32’2 X 30‘48 x 1^80 ergs 

since 1 ft. = 30‘48 era. 
and 1 poundal = 13780 dynes 
-13'6xl0‘’ ergs. 

A larger unit, called a Joule, is employed 
for industrial purposes and is equal to 10’ ergs. 

Hence 

1. foot-pound = 1*36 joules 

97. Pow&^Tfie ydle* af ivluck an aaent does 

y y 7 7 1* ]■ ' “I _ai. 

work IS called tts power. 

""TTir''timr'"of power is the rate of doing unit work 
in unit time. The absolute unit of power 
in" thej^. , Q, , S, system IsTheTate of [doing one erg 
per second. In the F. P, S . system the absolute unit 
of p^er is the rate of ^oing one foot-poundal per 
seeimd. These unTIs *"are seldom used for practical 
p’^poses. 

The prap^icMupitp of .power are (i) ^e horse¬ 
power (H. P.l and the watt. The bty^Sjej^wer was 
introduced by James Watt, the inventor of steam 
■engines. Since his engines were frequently required 
to do the work hitherto performed by animals as 
in drawing a cart or in raising a weight, he thought 
it advisable to measure the power of his engines in 
terms of the rate at which a horse can do worl^. By 
an actual experiment he found ihat a horse can do 
^lQfMLfkjiku.9ljyjprk.i^^^^ miKute . He, therefore, 
settled that 

' 1 horse-power = 33.QQQ ft . lbs, pqr. min. 

= 550 ft. lbs. per s^c. 

The- 4 ) 0 wer of an average horse is less than this, 
about.; t ^his r^ite, and the average man can work 
this r|te nearly. 
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P61* se^nd . A multiple of the watt called the- 
'Kn^attT^lp:* watts) Js very irequently used^tor 
practice"pu^oses. It is very nearly equal tp.iJ Hii- 
' W^^ave then • 

1 Watt-10' ergs per sec. =1 joule _per„sec. 

1 Pi ■»»- 


1’36 


ft. m. 


1*36x550 
= H. P. 


H. P. 


or, 1 Horse power = 746 watts, v.- 

98. Energy .—We find from experience that iir 
certain circumstances bodies are capable of doing 
work. The energy of a body is its ca pacit y for doing 
work . 

Kinetic Enemy .—A body may possess energy by 
virtue of its being in motioit. Thus every moving 
body is capable of working against resistances until it 
comes to rest. For example, the flying bullet, when 
it strikes a wooden target, penetrates a considerable 
distance into the wood working against the cohesive 
forces between the wood particles. A running stream 
is able to turn the wheel of a water-mill, the energy 
of which may be utilized in working grinding- 
machines, electrical generators (dynamos) and various 
other appliances. The energy of the wind in motion 
pressing against the sails of a boat may drive her in 
motion which would overcome the resistance of water 
offered to its passage. 


Thi^form of the mechanical energy is called the' 
kineiic^nergy. Whe rever. viLeJaa,m8Lt tgr..iR- moAion . 
be jiL aolid. liquid... or. jtaaeoM. it .i)08MS8es J|ci5^ic 
.8®««»gy. Further, the motion of a bpdy may bea\ 
tra 7 p 0 a,tQr.y,.jnotion (k*s in the case o f a |aUin^ bc^ y ,li 
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shot fired from .a gun etc.), or a r otatorii moti on (as 
in-ttie'case of a spinning top) or 
(as in the case of a vihr^ttiiig pendulum, the vibrating 
partfcies of a sounding body etc.)* or a motion of any 
other kind. 


Potential Energy. —A body may ^so posgj^ss 

attracj^s^t. Thus when a w^eight has been 
‘raised up\lbove the ground,it possesses energy due to 
^ its elevated position ; all the work spent on it in lift¬ 
ing it up is stored up in it , which is ready to be freed 
whenever the body is permitted to fall. !]^r exaj^de, 
while falling, it can pull up a lighter body attached 
to it by means of a string passing over a pulley. In 
winding a clock, driven by a falling weight, work is 
spent on the weight to lift it up. As long as the 
weight remains at the elevated position, it possesses 
st^j^ltg?-; wefgy which is expended during its fall 
in driving the clock and in overconiing the friction 
of the machinery. This form of mechanical energy 
is called pint,ffltial energy. 


in terms ,ol.»;ork ; for when a 
body does work (kgainst a force, it laae^.e^.ner^y, and if . 
work is done on it by an external force, it gains | 
ojftorgy. In either case, tlmJQSa-.„QX,^ia.pf energy 
by the work.dmiebyorxtgamsia.fm’Ge- 
Hence the units jemplpyed in the , measuremput of 
energy are the same as those of work. 

99. Kinetic Energy .—As has been stated in 
the last article the kinetic energy of a body is the 
energy which a bo dy 'gm&essesJi.yjtirtue ofjts motion. 
Instances ^ of bodies possessing kinetic energy have 
already been given ^bove. 

•' V, 

m, find an Expression for the kinetic energy of 

“3PSS-^=“; '"V. ' 

of n^ss m to lls moving with a velocity w. W** 
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have to find the kinetic energy possessed by it^ 
capable of doing before it comes to rest. 

The velocity of the body can only diminish if the motion is 
resisted by some external force and work is done by the body 
against it. Let F be hhis reBiinting force which we assnme to be 
constant and let / be the negative acceleration produced by it. 
Then, 

P = W/ 

Lvt U3 suppose that the body comes to ro^ after it has 
moved over a dUtan'^e s. Hence from eqn. (18), 


0=ir-2/s 





Hence the kinetic energy of the body 

= work done by the body against 
the force 

= force X distance 
= P.S = mfs ^ 

Or K. = hnn'\^ ^ 

Thus the kinetic energy of a body is given by half 
the product of its mass into the square of its velocity. 

If the force P acting in the direction of motion increases the 
velocity of the mass m from w to in passing over a distance s, 
we have, 

v‘ + 2/s 
Or V' - tr =2fs 
The work done by the forci 
= P. S. 


$ 2 

•'U 




= 2 / 

— i m ('u ' - u^) 

— jt mv^' - jr mu^ 

\// 1= K. . 

*= increase of oTt^bogy^^ 

In rarfcular, if the body starts from rb^t, u^o : the final 
jain of K. E. of the body is equal to the work done by the force, 
i.e. 


e • i» 
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Similarly, when tiia yelocitv o f the mass dc creisea irom u to 
V, the loss in K. E. is given by ——— 

I mu^ - i mv" 

Ifc can be proved that the same expression for the 
kinetic energy holds good even when the resisting 
force is not constant. 

If m is expressed in grams and v in centimetres 
per second, the K. E. i^ expressed in ergs. Similarly, 
when m is expressed in pounds and v in feet per sec., 
the K. E. is expressed in foot-poundals. 

100. Potential Energy. —Some instances of 
bodies possessing this kind of energy have already 
been given. The potential energy may be defined to be 
tiie energy possessed by a body (or a system of bodies) 
hu v irtu e of its posttion or conjiguratiqji. It is measur¬ 
ed by the work which a body is capable of doing in 
passing from its present position to some standard 
position ; or what is the same thing, by the amount 
of work done upon the body by a force in order to 
bring it from a standard position to its present 
position. 

Thus when a spiral spring is compressed or pulled 
out, work has to be done against the elastic resistances 
offered by the spring to its disfigurement : this work 
is stored uii as potential energy in the spring. If the 
spring be allowed to regain its previous form, it is 
able to do work against an opposing external force 
and so loses its energy. Thus the spring gains or 
loses energy by any change in its configuration. 

In the same way, a bent elastic strip of metal, 
a coiled watch-spring, an extended India-rubber cord, 
an excited violin string, an extended bow string, a 
quantity pi compressed air, all possess potential energy 
due to.the n;.or deformation in their materials, 
and aU feah do wo|k when allowed to pass from their 
preset ^f^guratipn to the initial one. Strain energy 
is tlika Wjjfbrm of potential energy. 
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The raost important case of potential energy is, 
however, that in which a body possesses energy when 
it is lifted up from the surface of the earth. As a mass 
is raised upwards, ^ork is done aginst its weight and 
the body gains in potential energy by virtue of its 
change of position relative to the earth. It is usually 
termed the Gravitational Potential Energy of the 
body. Water stored up in an elevated tank, a raised 
clock-weight, and an uplifted*hammer, water-vapour 
floating in the air all possess gravitational potential 
-energy. 

It would have been proper and accurate, however, 
to regard the earth and the body on or near to its 
-surface as forming o^ie system, and that the system, 
made up of the earth and the body gains a quantity 
-of energy equal to the work done in raising the 
body against the mutual attractions of the two, 
for the mass itself in the absence of the earth can 
have no potential energy. 

It can be easily seen that if a body of mass m is 
raised through a vertical distance h at any place 
where g is the acceleration due to gravity, the work 
.done against its weight is mgh. Therefore, the 
gravitational potential energy gained by the mass in 
this operation is mgh. Conversely, when a body of 
mass m falls through a vertical distance h at any 
place, the work done by its weight in falling is mgh 
which measures the loss of the potential energy of the 
body. 

It should be noticed that h in the expression mgh 
is the vertical displacement of a body. If the displa- 
■cement ta.kes place in a direction inclined to the 
vertical, h should be replaced by the vertical com¬ 
ponent of the actual displacement. 

The potential energy may also be stored by doing 
work against magnetic and electric forces. A 

B—14 
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magnet attracts a piece of iron which tends to stick 
to the former. Hence, when they are separated, 
work is done and the system, consisting of the 
magnet and the iron, acquires a potential energy. 

When a body is in stable equilibrium, its centre of 
gravity occupies the lowest possible position with 
respect to the earth (art 70). Any displacement of 
the body tends to raise its centre of gravity. Hence 
every such displacement tends to increase the 
potential energy of the body. Therefore, every state 
of stable equilibrium of a system (free from fricti- 
jbional resistances) corresponds to a minimum of 
2 )oteniml energy. 

101. Forms of Energy. —The energy which a 
body or a system of bodies possesses may exist in 
'many forms but can always be put into either of the 
two classes, kinetic or potential or a combination of 
these two. ■ The different forms in which energy may 
appear are :— 

1. Mechanical Energy; the energy of a body 

falling from a height, of a body in vibratory 
, motion etc. 

2. Heat : the molecular kinetic energy in a 

body. 

3. Sound ; the energy of longitudinal wave- 

motion in a material medium. 

4. Light: the energy of transverse wave- 

motion in the ether. 

5. Electrical Energy and Magnetic Energy. 

6 . Chemical Energy. 

. Fretjuently, however, one form of energy is 
into another form. As a matter of fact all 
tb# |)|aoi^in;ena indjhe universe are but cases of trans- 
fi6m»,aSp^of energy, which' are almost ^endless iij 
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102. Transformation of Energy. —In this 
article we shall consider some of the cases of trans¬ 
formation of energy. 

FalUmj hoclu. —W4ien a body is at a height above 
the ground, it possesses gravitational potential energy. 
When it is allowed to fall, it gradually loses potential 
energy. The energy thus lost to the body is partly 
expended in overcoming the frictional forces of the 
air and partly in imparting kinetic energy to the body 
which is gradually increased. Just before striking 
the ground all the enei*gy that the body possesses is 
kinetic. As the ball strikes the ground, its enei-gy is 
transformed into heat ( within the ball and the 
ground), sound and the mechanical energy of rebound, 
the latter two forms finally dissipating into heat in 
the surrounding space. 

Vihralorif motion. — A Penduhmi. —The energy of a 
body in vibratorij motion, e.rj., an oscillating pendulum 
bob, a vibrating violin string etc., is a combination 
of kinetic energy and potential energy. 

* The enei'gy of vibration of a pendulum bob at any 
instant is what the bob possesses at that instant 
during its vibration, in addition to the energy it 
possesses whemat rest. When the boh is at either 
of the extreme points,’B or C in its path of vibration 
•(Big. 105), the energy of vibration is wholly gravita¬ 
tional potential energy for it is then momentarily at 
rest : and when the bob is at its initial position A, 
the lowest point in its path, the energy is wholly 
kinetic ''' ; at any other point in its path, the energy 
is partly kinetic and partly potential. As the bob 
proceeds towards the lowest point, it falls in height 
and therefore loses potential energy but gams 
kinotic energy ; conversely, as it passes from 
the lowest point towards either of the highest 

* Assuming its position pj^rest at the lowest point A coicres- 
potids to zero energy level. 
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points, it loses kinetic energy and gains in potential 
energy. The total energy of thp bob may be 
proved to remain constant excepting what is -ex¬ 
pended in overcoming the ai^ resistance and also 
to a certain extent the friction in the suspension 
thread at the point of suspension. Due to this reason, 
the amplitude of vibration decreases gradually until 
the pendulum comes to rest. In order that the 
pendulum of a clock may continue to be in motion, 
energy is to be regularly supplied by the strain-energy 
of a clock-spring or by the potential energy of a 
raised clock-weight. 

Molecular Energy ,—In the Molecular Qieory of 
matter a quantity of matter may be considered as an 
aggregate of molecules held together by the action of 
the intermolecular forces (art. 106). A body may, 
therefore, possess molecular potential energy by virtue 
of its molecular configuration, i, e., the relative 
positions of the molecules with respect to one another. 

The strain energy or the energy due to the defor¬ 
mation in a body is thus the gain in its moleculai 
potential energy. It is also known that the molecules 
in a body are not at rest but in an extremely 
minute and rapid vibratory motion, so that the body 
possesses molecular kinetic energy also. 

Heat of a body. —The molecular kinetic energy of 
tt body is associated with the heat of the body, which 
raises its temperature. When a button is rubbed on 
table-cloth and then applied to the skin, it is found 
to be appreciably hot. The kinetic energy imparted 
to the molecules of the button in the process of rub¬ 
bing .appears aS heat, conversely the extraction of 
Mnctjc energy from the molcules of a substance is 
lUt^dlcipaniOd by. a loss of heat. Thus when the 
in an dngine drives a piston, a part of the 
, klpotle ^nergy ol the molecules of steam is used up 

i4ston and the steam is thereby cooled. 
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(Than^e of state.— Again, when a body changes its 
state, i.e., passes frpm the solid to the liquid form or 
from the liquid to the vapour form, it always absorbs 
a quantity of heat-energy which is called the latent 
heat, as it is not indicated by a rise of temperature 
of the body. This heat-energy is all expended in 
increasing the molecular potential energy that is. 
necessary to bring about a change of state. 

Wave-motion.—Light. — Light is beleived to be the 
transverse wave-motion in the medium ether through 
which it passes with a definite velocity and on 
reaching our eyes affects our sense of sight. These 
waves are electromagnetic in nature and hence the 
energy of light is composed of electric and magnetic 
energies. It has been calculated that to affect us as 
light the waves must be of lengths, within certain 
narrow limits, somewhere between 300 and 80Q 
millionth of a millimetre. 

Radiation. —^But as we are familiar with the 
heating effect in the light from a glowing fire or from 
•the sun, we are to infer that incandescent bodies, 
send out other waves also, similar in kind to the 
light waves, but being of lengths outside the above 
limits they are incapable of exciting our sense of 
sight. The whole series of waves coming out is given 
the general name of radiations : the corresponding 
energy that is conveyed is called the radiant energy. 
The Eadiant Energy is thus the form into which the 
heat energy in the radiating body changes when it is- 
transferred into the surrounding medium as wave* 
motion. 

Souil<|. —The energy of a tuning-fork or of a- 
stretch^ wire set into vibration is similar to that 
of a pendulum bob. As the body vibrates, there is a. 
periodic transformation of the strain energy and 
kinetic energy. The energy of the vibrating body 

is exhausted in giving tise to the soand-ei)^rgy in 

* 1 ^ 



214 


GENERAL PHYSICS 


[XI- 


surrounding medium and the heat-energy in the body 
in overcoming the internal friction. 

Electric and Magnetic Energies. —If a rod of 

ebonite is rubbed with flannels it acquires a new 
property of attracting bodies such as bits of paper 
towards it. It seems that the kinetic energy spent on 
the rod reappears inanewfoi-m. This new form of 
energy is- called electrical energy. Similarly, 
when the blade of a steel-knife is rubbed wdth one 
pole of a magnet, it is found to acquir e the new 
proi>erty of attracting small pieces of iron ; the form 
i-n which the energy reappears is called the magnetic 
energy. 


These two forms of energy are closely associated 
with each other niid are believed to be the rnanifesta-' 
lions of the different forms of energy of strain and 
motion in'ike other. 


. Chemical Energy. —A molecule of a body may 
he supposed to bo an aggregate of ato'ms held together 
by the clmnicnl aftinifij. When water is decomposed 
by an electric current into its constituent elements,— 
liydrogeri and oxygen,- -the latter possess energy of 
chemical soi)aration against atomic attraction, i.e., 
potential chemical energy, the case being analogous 
to the energy of separation of a mass from the 
earth against the attraction of gravity. A small flame 
dr an electric spark will suflice to rapidly convert 
the chemical energy of a mixture of hydrogen and 
oxygeji into the kinetic .energy of explosion. 
loaded cartridge has a store of potential chemical 
energy which can, at any moment, be converted into 
the kirieftio -energy of the bullet. 


Energy. —When a person lifts up a 
mpacular exertion, the muscplay. 
ife^oerned,f4n the action undergoes partial 

. Tile cbembal^ energy thus lost by th^^ 
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tissue is transformed into other forms of energy. 
Thus a part appears as the heat-energy in the 
muscular portion and a part is expended in doing 
work on the body, which is stored up as the gravita* 
tional potential enfergy in the body. 

Energy of Coal. —The solar energy i.e., the 
energy radiated by the sun, enables the plants and 
trees to decompose carbon dioxide present in the air 
into carbon and oxygen. Carbon is absorbed by them 
to maintain their growtl) while oxygen is let free into 
the atmosphere. Coal which is our chief fuel consists 
of carbon of wood w’hioh grew thousands of years 
ago and was then subjected to great pressures under 
the earth. Its combustion means the re-union of 
the carbon and oxygen atoms long Re])arated. Thus 
coal and wood are stores of the potential chemical- 
energy produced by the sun's light and heat. When 
they bum, their chemical energy is reconverted into 
heat and light. 

The hent-enci'gy obtained by the combustion of' 
coal may again be changed by a locomotive steam- 
engine into the kinetic energy of the piston, of the 
driving wheel and theii of the moving train. As men¬ 
tioned before, a part of the mechanical energy reappears 
as heat in the various parts w’herevor friction is over¬ 
come. In the case of a stationary engine used in driv¬ 
ing a dynamo, the heat expended by the engine may 
be transformed into the electrical energy w'hich again 
may be utilized to do mechanical work e. g., driving' 
a tram-car or a fan, or to produce light in electric 
lamps or to produce heat in electric stoves ahd' 
radiators. 

Energy of Running Stream— To take another 
example of transformation of energy, vast quntities 
of sea-water are being daily evaporated under the 
action of the sun’s rays, the vapour so formed, con¬ 
densing into clouds in the higher regions tl^^at|] 90 s- 
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phere. This water comes down to earth in the form 
of rain which feeds the running streams and flows 
down to the sea, its place of origin. The energy of 
the running stream is thus derived^from the potential 
energy of the clouds, of which again the source is the* 
solar energy. 

103. Conservation of Energy. --The examples 
considered in the last article point to the fact that 
the disappearance of any form of energy is .always 
accompanied by the appearance of one or more other 
forms. Indeed, the results of many experiments 
made with the greatest care have led to the conclu¬ 
sion that there can be no case in which one kind of 
energy is absolutely annihilated without the appear¬ 
ance of another, nor any in which a form of energy 
appears de novo without the loss of another. 

Thus a body or a system of bodies, may lose* 
energy in one form, and gain an equal amount of 
energy in some other form or forms. Thus a body or 
a system of bodies A may do work on some other 
body or system of bodies B and thereby lose energy in. 
some form, while the body or the system of bodies 
B gains energy either in the same form or in some- 
other form or forms ; and the energy lost by A is 
equal to that gained by 5. If and B are regarded 
together, it is evident that the total amount of energy 
in the complete system must remain constant e^nd 
connot be increased or diminished in any way. 

This is known as the principle of conservation of 
energy and is a fundamental law in Physics. The* 
principle is stated thus : 

The tetul mergy of any material system can neither 
he increa$s4 nor diminished by any action between the' 
parUt Cf syeiem, though it may be transformed into' 
any cfvMch energy is susceptible, 

be noticed that the statement “by any' 
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action between the parts of the system" implies that 
the system is to be regarded as isolated from tho' 
action of all bodies external to itself. It follows that 
the total quantity of energy present in the universe 
always remains the*same. 

It is also to be remembered that in any case- 
where energy is transformed from one form to ano¬ 
ther, it does so according to a definite rate of exchange. 
Thus it has been established that the quantity 
of heat necessary to raise the temperature of 1 lb. 
of water through 1“ F. possesses the same amount 
of energy as is required to lift 778 lbs. against 
gravity through one foot, i.e., the mechanical equiva¬ 
lent of the unit quantity of heat is 778 foot-pounds. 

104. Dissipation of Energy. —Although tho 
total quantity of energy in the universe remains 
constant, so that the disappearance of energy in one 
form is always accompanied by the appearance of 
energy in some other form or forms, the energy 
available to man for the purpose of doing work is- 
continually diminishing. This is known as dissipa¬ 
tion of energy. To take an example, if a stone drop¬ 
ped from a great height, strikes the ground its 
kinetic energy disappears ; and the stone and the 
earth become warmer as the result of the impact. 
In a very short time the heat of the stone and the 
earth will be diffused among the surrounding objects. 
So far as we are concerned, the energy of the stone 
has been wasted. 

In a heat-engine a large proportion of heat produ¬ 
ced by the combustion of the fuel is lost in doing 
work against the friction within the machinery and is 
thereby converted into heat which warms up these 
parts. 

In fact, in every transformaion of energy, a part 
of the energy becomes converted into tinifonnly 
diffused heat. Energy hi this form is of no m<Hre use to 
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119 for doing woi k. Heat can be expended in doing 
work only when it passes from a hotter body to a colder 
one; for example, from the boiler to the condenser 
in a steam-engine. If the temperature of a system 
is uniform throughout, no portioft of the energy of- 
the system is available for use. 

As the total (juantity of energy in the universe 
is a constant quantity, it follows from the above that 
the stock of energy available for work is steadily 
decreasing and that there must arrive a time when 
all the energy will l>e unavailable, tlie whole universe 
having become a uTiiformly hot and inert mass. 

Examples 


J^rovG that when a, particlo of inasH falls from rest at 
height h above! tlu‘ ground, the sum of its potential and 
hiiiefie energies is eonstant throughout the motion,—if the 
frictiotional resistance, due to air be neglc'otod. 

\C.TJ~1932'] 

Let V bo the velocity of the particle >vheu it has fallen 
t hrough any distance x. 

Wo have u- = 2 (jx. 

Its kinetic energy at that instant is given by 
K. ¥j. — ^niv-=lw X 2 gx = mgx 

Also its potential energy at this height 
= mg(h-ie) 

Hence the sum of its kinetic and potential onorgies 
= mgx Xwg {h — r) — nigh 

which is the potential energy of the particle at the height h 
forming its total energy. 

‘ 2. If the clouds were three-fourths of a mile above the, 
earth, and enough rain fell to cover half a square mile of the 
surface hftll inch deep, how much work was done in raising 
Ibho the clouds ? From what did the energy come ? ' ,■ 

' f ■ ' [C.U—1923} 

of ra|u fall = ^ sq. mileX J in. 
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Blit 1 cu. ft. q£ water weighs 62*5 lbs 
/. Mass of water of rain fallen = ^x (1760)2 x62*6 lbs. 

= 330x1760x62*5 lbs. 

This has been rajscd through f of a mile above the ground!. 
Work done = 380x1760x62*5x3x1760x8 ft. lbs. 

The source of energy is, of course, the heat of the solar 
radjatjon. 


Exercise X 

1. Define K. E. and P. E. Explain the terras “conservation 
and transformation of energy”. Give examples. 

2. What is meant by (i) an Erg (ii) a Watt and (iii) a 
Horse-power ? What is the relation between them ? 

0. State the principle of conservation of energy. Illustrate 
the principle by taking some simple examples. [C. U.—1918} 

4. A raihvay train is moving with uniform speed (a) on a 
level country (i) up-hill Explain IiOav the energy supplied by 
burning coil in the engine is being expended in the two cases. 

[C. U. 1911} 

5. It is said that most forms of the terrestrial energy, are 

derived ultimately from the sun. Explain the meaning of the 
statement, and discuss its truth with special reference to tho 
energy of combustion of charcoal and of coal-gas, and tho 
kinetic energy of a running stream. [C. U.—1912] 

C. Define ‘work* and energy.’ Give simple examples of 
transformation of energy. 

State also the principle of tho conservation of energy, 

[C U.—1916] 

7. Distinguish between werh and e^.iergy. A body falls 
under gravity and strikes the ground. Explain how the pheno¬ 
menon supplies an illustration of the transformation of energy. 

Does it also illustrate the principle of the conservation of 
energy ? How ? [C. U.—1917] 

8. Distinguish between potential and kinetic energy with 

illustrations. ’ IK 

A railway train is going uphill with a constant velocity. ■ 
What is the source, from which the energy of the train is 
supplied } Describe the various transformation of energy that 
go in this case. [C.U.—19181 
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9. Explain clearly the meaning of the terms ‘work’ and 
‘energy’, llltistrate your answer by examples. 

A body is projected upwards with a velocity of 64 ft. per 
second. Represent graphically its kinetic energy at any height 
during the upward journey [^ = 32] [0. U.—1919] 

10. Explain clearly what is meant by energy of a body. 
State the principle of conservation of energy. 

If clouds were one mile above the earth and rain fell, suffi¬ 
cient to cover one square mile at sea-level, J inch deep how 
much work was done in raising the water to the clouds ? 

[C. U-1920J 

11. Explain where the energy goes when you expend it in 
(a) winding up a watch, (b) lifting a stone from the floor and 
placing it on a shelf, (c) riding a bicycle uphill, {d) rowing a 
boat on a still pond, (e) rowing a boat up-stream. 

IPaL U.—1921.1 

12. Define Work, Energy, and Horse-power, and distinguish 
between Kinetic and Potential energies. 

Write a short note on the principle of the Conservation 
of Energy. [C. U.—1928J 

18. What are kinetic energy, potential energy, and' 
work ? Find the energy stored in a train weighing 260 tons 
and travelling at 60 miles per hour. How much energy must be 
added to the train to increase its speed to 65 miles per hour ? 

[C. U--1926j 

14. What is meant by ‘energy’ ? 

Describe suitable experiments to illustrate the following, and: 
point out what they ultimately demonstrate : 

(a) Conversion of mechanical energy. 

fb) Conversion of electrical energy. 

(e) Conversion of heat energy into luminous energy. 

[C. U.—19291' 
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CONSTITUTION OF JIATTBE. 

105- Different States of Matter .—Material 
substances are found to exist in tlu^ distinct states— 
viz., the solid, liquid and {,faseous. 

A solid is a form of matter which has a definite 
shape, volume and wfiss. It does not require any 
lateral support to maintain its shape and resists any 
change of shape. Wood, stones, ice etc., are solid. 
The solids are more or less liard. 

A liquid has a definite volume and mass, hut no 
shape of its own. When at rest, it takes the shape 
of the vessel in w'hicli it is qontained and maintains 
a free horizontal surface. Water, oils, alcohol, mer- 
cury etc., are liquids. 

f A gas has a defimfe mass but no definite shape, or 
volume. It completely fills tlie vessel in which it is 
'enclosed, whatever may be the volume of the vessel. 
.Gases are continually tending to expand, i. e., to 
:occupy a large space. Hydrogen, oxygen, air-, carbon 
-dioxide etc., are gases. 

Liquids and gases are comprised under the general 
name of fluids. A Fluid is a substance which flows 
when unsupported, for its particles are more or less 
mobile. 

It may be found, how'ever, that there are subs¬ 
tances which are in a state intermediate betw^een the 
solid and the liquid states. For example, sealing-wax 
and pitch are semi-solids which do not retain their 
forms when left to themselves. Again, liquids such 
as treacle, honey, syrup, tar etc., do not rapidly 
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assume a free horizontal surface. They are said to 
be mscous. 

By the application of heat solids may be changed 
to liquids and liquids to gases, Conversely, the 
process may be reversed by lowering the temperature 
■of bodies and increasing the pressure, if necessary. 
Thus ice when warmed becomes water which may be 
boiled to generate steam ; steam on cooling changes 
into water which again when exposed to great cold, 
becomes solid in the form of ice. 

106 Constitution of Matter. —Suppose that a 
•quantity of matter is continually divided and 
subdivided into smaller and smaller parts. It will 
be found that up to a time the small particles of 
matter so obtained all retain the properties of the 
original matter of which they form part. But ulti¬ 
mately a certain stage will be reached when, on 
further subdivision, each of these particles will break 
up into still smaller ones which possess properties 
•quite different from those of the original particle. 
This ultimate particle which is the smallest subdivi- 
•sion of a piece of matter retaining the same identical 
properties of the original matter is called a molecnle 
of its own. The smallest subdivisions of a molecule 
-are called atoms. Thus in the case of a piece of 
-chalk the molecules are the smallest particles of chalk 
possessing all its properties unchanged. Each nlole- 
cule of chalk can, however, be further subdivided 
into five atoms, one of calcium, one of carbon and 
three of oxygen. These latter possess properties 
•quite different from the original chalk. 

Thus a body is an aggregate of molecules, each of 
whi®^ again supposed to be made up of a group, of 
held together by the inter-atomic forces called 
ph^ical affinity. In physics, the molecule is 
as the iinit in the constitution of matter of a 
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If the atoms constituting a maleoule of a parti¬ 
cular substance are all of the same kind then that 
substance is called an eleiiient and when the consti¬ 
tuent atoms are different from one another, the 
substance is called a compound. 

Size of the Molecules .—We have no definite idea 
as regards the actual form' of a molecule but it is 
assumed that they are spherical. As to its size^ it is 
clear that it is inconceivably small. Approximate 
calculations have been made by scientists based on 
different experiments. Thus it has been calculated 
that a cubic millimetre of water, which is about the 
size of a pin’s head, would contain a number of mole¬ 
cules equal to 3 x 10’ ® approximately. Some idea 
as to the probable size of a molecule, considered as a 
small spherical particle, may be obtained from an 
illustration by LORD KELVIN, in which he states that 
if a drop of water were magnified to the size of the 
earth, the molecules in it would be about the size of 
the cricket balls ! 

^ Intermolecular spaces .—When a pressure is ap¬ 
plied to a body or its temperature is lowered, tho 
volume of the body is diminished ; conversely, the 
length of a rod is increased, when its temperature is 
raised. Again, when sugar is dissolved in water, 
there is no corresponding increase in the volume, of 
the solution. Such facts are best explained by sup¬ 
posing that the molecules which build up a body are 
not in actual contact. There are intermoiecaUir Spaced 
i,e., the spaces between the molecules, the extmt of 
which may be altered by the application of external 
physical forces, 

InterfflolecQlar forces.^ — The molecules of a body 
are held together by means of forces, called iatermole^ 
imlar forces. Such a force is very 'Strong when the 
;^4Mls|knee separating twa.>uQoleoules is very sm^U oom- 
to their dimensions^ but it is ver^ small and 

B—16 
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Almost vanishes when this distance exceeds a certain 
value. Thus it requires a large force to separate one 
part of a piece of lead from its adjacent parts ; but 
if they are separated by even a very small distance, 
as when the piece of lead is cut by a knife, the two 
parts will not hold to each other even when they are 
pressed together by a very great force. 

To counteract the effect of these attractive forces 
which, had they existed alone, would have pulled the 
molecules into the closest contact possible, so that 
no pressure could have compressed them closer, it is 
assumed that the molecules of a body are not at rest, 
but are in a state of rapid motion, due to which there 
is a tendency of the body to expand. 

Thus the molecules in a body possess molecular 
potential energy which is due to their configuration 
in the building up of the body and molecular kinetic 
energy by virtue of their motion (see art. 102). The 
physical state of ft body at a given temperature is 
the result of the balance between these two opposing 
tendencies : one, a tendency to become as dense as , 
possible due to the attractive action of the intermole- 
cular forces, arid the other,—a tendency to expand 
in virtue of the motion of the molecules. 

Solid.—In the solid state, the intermolecular forces 
are very powerful, so that the molecules of a solid 
body cling together with a great force. This enables 
the solid to have a definite shape and volume. It is 
due to these forces that a solid offers a resistance to 
any change in its shape or volume. Thus it. re¬ 
quires an eporinous force, about d tons weight, to 
break a ptoel rod of 1 cm. in diameter into two 
' Yot the molecules in a solid are supposed to 
rapidly > about practically the same positi<ma 
inference t^ the others. 

^—^In ^he caso'^of"a liquid, the moleoular 
^ r^thea^ feeble but is stiir perceptible^. A. 
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liquid has, therefore, no definite shape but it takes 
the shape of the vessel in which it is contained. It 
yields to a force, however small, which tends to 
change the shape Of the mass, and flows out in a 
direction in which it is free to move. The properties 
of a liquid are more fully considered later on. 

Gas. —The molecules in a gas are supposed to be 
so far apart from one another that the intermolecular 
forces are negligibly small or practically absent. The 
molecules tend to go away in all directions indepen¬ 
dently of each other. In accordance with the theory, 
known as the Kinetic Theory of Gases it is supposed 
that the molecules of a gaseous body are moving 
about with a great velocity, and that they are 
colliding with each other and bombarding the walls 
of the vessel in which they are enclosed. This latter 
causes the pressure which the gas exerts upon the 
surface enclosing it. So all the molecular energy in 
a gas is of the form of the kinetic energy. 

Electrons and protons .—Recent experiments in electricity 
have confirmed that an atom is not the ultimate indivisible 
particle of matter. According to the Electron Theory, as has 
been formulated by Sit J, J. Thomson, and advanced by Sir 
Ernest Rutherford, Prof. Niels Bohr, Sir Oliver Lodge, Dr, 
Soddy and others, the atom is supposed to be made up of 
two kinds of electrically charged particles called the Protons and 
the Electrons. 

The electrons are all alike and are charged with negative 
electricity. The amount of charge an electron is constant 
and is the ultimate unit of electricity. It can not be further 
subdivided so that any quantity of charge can be expressed as 
an integral multiple of the electronic charge. 

An atom of any element consists of a central positive charge 
called the nucleua surrounded by a number of electrons revolv¬ 
ing round it. Atoms of different elements differ in the number 
of revolving electrons and in the composition of the nucleus. 
The simplest atom is that^ hydrogen. It consists of a single 
•electron revolving round the nucleus which is called a proton. 
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The nucleus of any other atom is the combination of a number 
of protons and electrons bound together. Now the mass of an 

electron is very small being about TT?Vir oi that of a proton. 
Hence the mass of each atom may be.supposed to be con¬ 
centrated in its nucleus. 



CHAPTER XIII 

GENERAL PROPERTIES OF MATTER 

We have remarked in art 2 that matter is the 
stuff or the material of which bodies are composed, 
and which is perceptible by us through our senses. 
Matter is best defined , however, b y the enumeration 
o T^its essen tial properties. 

Pmpey tieg that are found in common in all the 
ata.tea,oI niatter, whether the solids liquid or gaseous, 
may be calied the general properties q|_i!iatttr e,a., 
extension, impenetrability, inertia, gravitation, divi¬ 
sibility, porosity, elasticity and density. But those 
properties that are found in a particular state or 
states of bodies are called special properties. Thus 
there are special properties of solids, of liquids and 
of gases. These will be taken up later on. 

107. Extenuon. —Eyery piece of .matter must 
occupy some defimte space. This property of matter 
is~caned the extension. 

Extension regarded in„ouedirection gives a length] 
i n tw o directiaus, a surfa ce ; in., three directicms, a 
volume, 

^~lb8. Impenetrability. —Two pieces of ^matter 
c aiinot occu py the _ same fiPftc.jTa^i'lb.e same time. 
Impenetrability is the property in vjrtue oLsybi^^ a 
piece of matter occupies a space'lfp'^ thfl exchasm of 
all others. If a block of iron is immersed in water, 
the liquid has to move aWay to make room for the 
immersed body. 

Expt. 18. Put a small bottle in water with the mouth 
downwards. It will not be filled with water till the mouth is 
.80 turned that the air fh the bottle can escape. 
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The above simple experiment proves that air is 
impenetrable. 

The term impenetrability is, however, not to be 
taken in the ordinary sense that' one body cannot 
penetrate into another. A nail can be driven into a 
block of wood. Water poured upon a heap of sand 
disappears quickly. If 50 c.c. of alcohol is mixed 
with 50 c.c. of water, the volume of the mixture is 
less than 100 c.c. The true explanation, in all these 
cases is afforded by the existence of the intermolecular 
spaces within the body (see art. 105). Thus the 
molecules of wood are thrust aside to make a space' 
large enough to admit the substance of the nail. In 
the case of water disappearing in sand, the water 
does not penetrate into the substance of the sancj 
itself, but pimply fills the spaces between the grains. 

In fact, impenetrability and extension are not two 
different properties of matter independent of each 
other, but are merely two expressions for the one- 
and the same thing. 

109. Inertia .—Matter cannot, of itself, change 
its state of rest or motion. Inertia is a characteris¬ 
tic property of matter and is defined in Newton’s first- 
law of motion (see art. 45). It is the property in 
virtue of which a body i.e., every form of matter 
continues in its state of rest or of uniform motion in 
a straight line, unless it is acted upon by an external 
impressed force to change that state. 

Numerous illustrations of the inertia of bodies 
have already been given in art. 45 

110* Gravitatioii. —Every piece of matter in 
the universe has the power to attract every other 
piece of matter ; this is a fundamental property of 
matter. The fo^ce of attraction exerted mutually 
bet^^bn any two; pieces of matter is called gravU 
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The amount jo^f this at^action depends on the- 
quantity of miSter in each anH their dlsTahceTrom 
each (jither“T*^"lii' is greater when bodies TiiTve larger 
masses than when^they have smaller ones, and also- 
when they are nearer than when they are more- 
remote. 

The Law of Gravitation has already been dis¬ 
cussed in art. 53. 

111. Divisibility .—It is the property, in virtue 
of which a body can be divided into extremely 
small parts. 

Bodies can be subdivided into smaller parts by 
mechanical methods, such as cutting, swing, filing, 
grinding etc. A piece of chalk is divided into a large 
number of detached particles when one writes on a 
black-board with it. Gold can be hammered into 
leaves so thin, that 300,000 of them come to the 
thickness of 1 inch. Glass, platinum and quartz have 
been drawn into fibres, so fine as to be quite invisible. 

Very fine divisions are frequently effected by 
means of solution. A drop of carmine will colour 
a litre of water perceptibly red. It is calculated that 
a drop of blood which may be held on the point of a 
needle would contain about a million of blood-corpus¬ 
cles floating in a colourless liquid, called the serum. 

Still greater is the divisibility of odoriferous sub¬ 
stances such as volatile essences, camphor, musk etc. 
The tenth part of a grain of musk is found to perfume 
a large room for years together and yet lose but little 
of its weight. 

There is, however, a limit to the divisibility of 
matter. In the process of subdivision there must 
come a stage when a further subdivision will break» 
up the qltimate particle, called the molecule, of the . 
given.kind of matter into its constituents, components, 
which are called atoms (see art. 106). 
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—In a body the small particles 
-of ■which it is composed are not in actual contact but 
they leave spaces or interstices between them. 
This is expressed by saying that bodies are porous. 

Expta 19. Take a lump of dry chalk and weigh it 
carefully. Next place the chalk in water for a few minutes. 
Air-bubbles will be seen to escape from the pores of the chalk, 
being displaced by the water particles coming in. Now weigh, 
the wet chalk and notice that its weight has increased. Then 
increase in weight is due to the weight of the water that has 
filled the pores driving out air from within. 


Pores are to be distinguish¬ 
ed from the intermolecular 
s |)aces . The latter never 
directly perceptible and lare 
so vei:y small that the sur¬ 
rounding molecules remain 
within the spheres of each 
other's attraction. Contrac* 
;tions and expansions of bodies 
resulting from changes of 
temperature are explained 
by the existence of these 
intermolecular spaces. Pores 
are all actual cavities or 
holes which are sometimes 
distinctly visible undep the 
microscope. They are too 
large for the intermolecular 
forces to act. 

Fine pores exist in wood, 
cork, sponge, unglazed earth¬ 
enware, paper, leather, India- 
rubber, pitch, cloth, skin etc. 
!]th^ ixistence of^ pores in leather is demonstratj^d in 
tire fotlo'vYing experiment, known as the Mercuf^ Bain. 

..' res glass tube A (IHg. 108) is provided 

with si oflMis cup' B at the top. The bottom of the cup 

^ ' A- » 



Eig. 108 
lifercury rain. 
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consists of a thick piece of leather L. The lower part of A 
is wide enough to a^it a cup C to be placed within it. 

A circular disc D is provided at its centre with a tube 
connected to an air pump. Place A on the disc D and apply 
a little grease all •round the base of A. Pour mercury to 
partially fill up the cavity B at the top. Work the pump 
to reduce the pressure of the air within the tube. A 
shower of mercury is produced within the tube, as mercury is 
forced through the pores in the leather by the greater pressure 
of the atmosphere outside. The vessel C is used so that mercury 
may not fall on the pump-disc. 

In filtration, a liquid is freed from the particles 
suspended in it by allowinj? it to percolate through 
charcoal or carbon. Chemists use the filter-paper 
for this purpose in the laboratory. Blotting-paper is 
used for soaking ink : powders of chalk may also 
be used for this purpose. Deep-well water is generally 
clear as it is filtered on its way through thick strata 
qf the earth. It is to be noted that a filter is of no 
use to keep back the dissolved impurities ; for exam¬ 
ple, salt-water when passed through a filter retains 
its saline taste. 

The inter-penetration of two liquids, such as al-| 
cohol and water, is often chosen as an example ofj 
porosity in liquids. 

113, Elasticity. — Elasticity is the property by r 
virtue of which a body is able to resist a change of 
volume or ot shape, and is able to resume its original 
vl^lume or shape when the force that caused the 
change is removed, provided that the change has not 
exceeded a certain limit depending on the particular 
material of the,, body. 

If a piece of India-rubber ia squeezed and then let off, 
it returns to its original shape as soon as the force is with- 
<drawn. 

When a force or a system of forces acts on a body 
which is not free to rotate, or to move bodily, a dis¬ 
placement of the particles .relative to one another 
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occurs thus causing a change of shape or of volume. 
Such a change in the shape or volume of the body 
is called a Strain. Quantitatively strain is measured 
as the deformation per unit length"djp volume. It is, 
therefore, a pure ratio and as such has no dimensions. 

In general, when a body is strained by the appli¬ 
cation of external forces, it resists the strain by 
setting up forces within the material, which not 
only oppose the change, but tend to restore- the dis¬ 
placed particles to their original positions. The res¬ 
toring force generated in the body due to the strain 
is called a stress. Stress is measured as the force 
per unit area of the section oh which it acts so that 

the dimensions of stress are [Mj [Lj [T] ^/[L] 

i.e.. [MHL]“^[T]"^. 


A body is able to offer this elastic resistance, 
when the strain is small and does not exceed a cer¬ 
tain limit, called the elastic limit for the material of 
the body. Since within the elastic limit the stress 
generated within the body is equal and opposite to 
the external force producing the strain, the latter 
also is often called the stress. Hence we say that 
a stress applied to a body produces a strain. 

Borert HOOKE established experimentally that if 
a body is strained within its elastic limit, the strain 
produced is directly proportional to the stress applied. 


^ I 


; Stress , , 

! --^ = a constant 

; Strain 



(74> 


which is called the modnlas of elasticity of the mate- 
pal of 'thp body for the particular kind of stress or 
strain, under consideration. The modulus is defined, 
as is Required to produce a unit strain. 

The aMve ^relation known as Hooke’s Law. 

^ pyoduc^d by the applied forces may be 
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divided into two classes, according as they consist of 
ojchange in volume only or a change in shape only. 
The'fbFmer IS called the volume strain ; while the 
latter, the shearing strain or simply a 8he§r 
(see art. 120). 

Elasticity of volume is possessed by bodies in all ^ 
the three states of matter. The modulus concerned 
can be expressed in symbols as follows ; 

If a uniform pressure of p dynes per sq. cm., acting nor¬ 
mally to the surface of a substance, be applied to reduce the 
volume F to V-v, then 

the stress =p dynes per unit area, 
and the vol't strain=deformation produced per unit volume 

= viV 

The modulus of volume elasticity = 

strain 

= P 
v/V 

Illustrations of the volume-elasticity in solids are 
numerous. Thus corks pressed into the necks of 
bottles fit tightly. Elasticity of horse-hair, feather, 
wool, cocoanut fibres etc., is made use of in pillows, 
seats, cushions etc. 

A liquid offers a very great resistance to a change 
in size, but almost no resistance to any change in 
shape ; in other words, a liquid possesses a high 
modulus of the elasticity of volume, but is deydi^pf 
the elastjcity^ of shape. This forms an important 
difference between a solid and a liquid. 

A gas, like a liquid, has the elasticity of volume 
burndlelastioity of shape. 

Dimensions of a modulus of elasticity are the 
same as those of a stress for strain is of zero dimen¬ 
sion (see eqn. 75). Hence the dimensions of a 

modulus of elasticity are [M] [L] ^ [T] 
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114. Density .—We say that gold is heavier 
than silver. Naturally, we mean that volume for 
volume, the mass of gold is greater than that of 
■silver. The heaviness of a partipular material, as 
we ordinarily mean by it, is therefore, dependant on 
the mass per unit volume of the material. This 
latter quantity is called density. The dimensions of 
density are [M]/[LJ’‘= [Mj [L]-'\ 

Thus if a body of mass m occupies a volume y, 
its density P is given by 


mass _ jn 
volume V 


(76) 


Different substances may contain very different 
quantities of matter in the same volume. Thus the 
mass of 1 c. c. of pure water at 4"C is 1 gramme, that 
of 1 c. c. of copper is about 8*9 gms., that of silver 
10‘5 gms., that of lead about 11‘3 gms., that of gold 
about 19 gms. and so on. 


Exercise XI 


1. Enumerato the general properties of matter. 

2 . Find the volume of a block of lead weighing ICX) gms. 

3. A rectangular block of wood whose volume is 40 c.c, 
weighs 200 gms. Find the density of wood. 



.CHAPTER XIV 

I 

PROPERTIES OF SOLIDS 


115. ^ardnet . —When one body can be made’ 
to scratch amSTE^eFland cannot be scratched by it, the|! 
former is said to be harder than the latter. Thus u 
f^lass is harder than lead. Hardness is a relative 
property ; a body which is harcr' ^witli reference to,^ 
one body may be soft with reference to others. Dia-^ 
mond^iSjthe hardest of all substances, for it scratches.,;, 
all of them, but is scratched by none. 

The degree of hardness of a body is expressed by 
referring to a scale of hardness. The one generally 
employed is Mohrs scale of hardness^ and is as 
follows, in which the substances are arranged in the 
ordeT* of increasing hardness :— 


SCALE OP HARDNESS 


1. 

Talc 

6. 

Felspar 

2, 

Rock-salt 

7. 

Quartz 

3. 

Calc-spar 

8. 

Topaz 

4. 

Fluor-spar 

9. 

Sapphire 

5. 

Appatite 

10. 

Diamond 


Thus the hardness of a body which would scratch 
felspar hut be scratched by quartz lies between 
6 and 7. 




softer than 

Henoe Wjewailery_ and c,o(n^, go.l^ _. 

alloyed with co^r to 

'll6. Prirteneay — This la.ihe-prop«it.y dae to- 
which a boaf tSFS'alis abwn easily under the aotion of 
an external force, e. g., a blow fix)m Thais 

ioeV" glass are very^ brittle substances ; lead,' copper 
are not. ’^ 
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By heating and cooling suddenly msknj substances, 
specially steel, become very hard though they 
. b^g^pme brittle at the same time. The process is 
ealled t e^ v erinQ - By the process of re-heating and 
slpw cooTmgr which is called awTOfiaZmsf, steel, glass 
, etc., can be made less brittle. 

117. Malleability .—It is the property possessed 
-<«jby some solids of being beaten into thin sheets. Pure 
^'vgold is extremely malleable. Leaves of gold are 

obtained which are so thin that 3#X)0*000 of these, 
^ when superposed, become an inch thick only. 

' Malleability Jncr^ases quickly with the rise of 
, temperature, thus iron is easily forged when hot but 
not when cold. 

118. Ductility .—It is thp^ property .of the solids 
'of being drawn into fine wires. 

(Ml ^ 

PtelfyiW.4s .tti9 most ductile of all metals. It 
.can be drawn out into vjires so th}n that 
such wire s pl aced side by side, have |,he thickness 
of jjlf-fibre. Gold, silver, copper, iron, etc., can 
also be drawn into wires by means of a machine, 
called the draw-plate, in which the rod of a metal is 
pulled through a number of successive holes, each 
a little smaller than the last, bored in a plate of steel. 
Lead whiph4a yery .^^malleable, is the least ductile. 


Extremely fine wires of glass, quartz, etc. can be 
drawn when these are softened by the application of 
heat. 


119. JEjMticity.— A solid possesi^g both the 
ticifey or volume and the elasticityNff shape. 


elasticity dr volume and the elasticity^f shape. 

or Bulk' 


^lid is elrsTined in such a way that it 

iTi , only without a change in shape e. g., 

the eo|}cerned is known as VolniKe 

-balll ^lasticlty^ it has been seen in 
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-art. 113, that the modulus of Yolume>relaBtioity which 
is generally denoted by k, is given by 

, viV V ... (77) 

To strain a body in the above way is rather difficult. The 
■applied stress must be a uniform pressure acting normally all' 
over the surface of the body. Pressure may be applied in 
this way by immersing the body in a suitable liquid and 
then applying pressure to the liquid for the pressure on a 
liquid is transmitted equally in all directions and-acts every¬ 
where at right angles to the surface (See art 182). 

Elasticity af or Simple Rigidity —The elasti¬ 
city of shape or as is more generally called, the siiQple 
fijjl^y, is the property in virtue of which a solid o|Eer8 
Tesisjtance when it is so strained as to suffer a change 
Qf shgjpe oj* form without a change of volume. When a 
cylinder is subjected to a twist or torsion round its 
axis about one end, the other end being fixed, a 
shearing strain is produced. 

Let ABCD (Fig. 

109) represent the 
section of a rect • 
angular block fixed 
at the lower surface 
BC to a horizontal 
bed. If a horizontal 

force P is applied Fig. 109 

tangentially along Shearing strain 

the upper surface AD, the block will be deformed 
so that its new shape will be A'BCD', the surface 
AB being displaced laterally through a distance x. 
Every plane in the block is displaced relatively to the 
plane below it in the direction of the applied force 
but the height and consequently the volame remains 
unaltered. An idea •of the nature of deformation 
may be obtained by piling a pack of cards in a 
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rectangular block as in fig.llO (a), and then displacing 
them as in Fig. 110(b). 



Fig. 110 

Pack of cards in a Pack of cards displaced with 

rectangular block. respect to one another. 


The deformation produced in the above case is a 
pure change of shape. It is therefore called a shea¬ 
ring strain or simply a shear and is measured by' the 

ratio where I is the length of thfe face AB. This 


ratio is the lateral displacement between two hori¬ 
zontal surfaces, unit distance apart. In all practical 
cases the displacement x is very small in comparison 


X 


with I so that the ratio is equal to the angle 

b 

6, which is called the angle of shear. Hence, 

Stress 


Modulus of simple rigidity 


(Art. 114> 


Strain 
^_P/S 
xlV 

wher^ S is the area of the surface AD, This is 
al^o .^^Ued rigidity modulus and is denoted by 


P/8 
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The changes in the shape of a solid body may be 
brought ahiSOy'"' 

^ / (i) tension, as in a rubber chest expander — 

_^(ii) flexure, as irf bows or the strings of a harp 
\iii) torsion or twist, as in a galvanometer suspension. 




Fig. 111. 
Determinaticm of 
Yoatig'a modulus. 


(i) Young’s Modulus.— If a 

rod or wij-e of uniform cross- 
section fixed at one end is 
stretched by applying a force at 
the other end in the direotfon of its 
length, the strain i^roduced involves 
a change of both volume and shape. 
In this case the stress is measured 
by the force per unit area and the 
strain, by the change of length per 
unit length and the ratio of stress to 
strain is called youug’s modulus. 

If P be the force which acting 
on a wire of length L 

and of cross section a stretches 
it by a short length I, then 

the strain = elongation per 

unit length 
^IIL 

and stress = force per unit 

area 

a 

if the cross-section is circular and 
of radius r, then the Young’s 
Modulus is, given ,by. 

Stress ^ P 
Strain l/h 

_ PL 


. (7Sy 

Ilie stress and strain involved in such oases of 
B—16 
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longitudinal deformation are sometimes called tensile 
stress and tensile or longitudinal strain. 

The elongation produced in a wire by a tensile 
stress is accompanied by a contraction in directions 
at right angles to the length of the wire. When the 
wire is of circular section, the ratio of the reduc¬ 
tion in diameter to the original diameter is called 
contractile strain or lateral strain. So long as the 
longitudinal extension is small, the lateral contrac¬ 
tion is directly proportional to the longitudinal ex¬ 
tension. The ratio of the contractile or lateral strain 
to the tensile or longitudinal strain is called Poisson’s 
Jtatlo. 

Experimental Determination of Young’s Modu¬ 
lus ;—The value of the Young's Modulus for the 
material, of a wire can be experimentally determined 
with the help of an arrangement shown in fig. 111. 
The wire is fixed at one end to a ^tout beam over¬ 
head and carries a vernier and a scale pan B attached 
to the other end. Two other wires of the same 
material are supported from the same beam on both 
sides of the first wire and carry two brass pieces S 
and S, one of which is graduated with a fine scale. 
These two side wires are kept stretched by a tubular 
weight W as in the figure. The vernier piece 
rslides smoothly between S and S with its 
.graduations facing against the scale engraved on one 
-of them. 

To begin with, the central wire is stretched by a 
suitable weight to free it from kinks. The length of 
the wire from the point of suspension to the point at 
which the vernier is attached is then measured. This 
giyes ly. 

, The diameter is then measured by means of & 
screw gauge and hc^ce the radius r is known.. 

A known weight is th|n placed on the scale pan 
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and the elongation I produced by it is measured by 
means of the vernier. * If m is the mass of the 
weight, the downward force is mg and the tensile 

stress is, therefore, equal to —— Thus the Young’s 

TTy 

Modulus is given by 

Y =. 

‘I ... (79) 

The experiment is repeated by placing different 



Fig. 112. 

weights on the scale pan and noting the elongation 
in each case. A graph may then be drawn t^ith the 
weight as abscissa and the elongation as ordinate. 
It will be seen that this graph is a straight line 
(Fig. 112) showing that Hooke’s law is obeyed, i, a., 
the stress is proportional to the strain. From the 
graph, the elongation corresponding to any suitable’ 
weight is read off and the Young’s Modulus is theu 
^calculated from the abore equation. 

By subjecting wires of different materials to the 
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above treatment, their elastic constants can be com¬ 
pared. Thus it is found that for the same elonga¬ 
tion if a steel wire requires 10 kilograms, an exactly 
similar wire of copi^er requires 6 ^vilos ; that of brass 
4’5 kilos and that of platinum 8 kilos. Steel is, 
therefore, about VI time as elastic as copper and 
Platinum is nearly twice as elastic as brass. 

In the above experiment it will be seen that 
unless the wire is stretched beyond the limit of 
elasticity for tlio material, it reverts to its original 
length. But even within tlie elastic limit, when the- 
applied force producing a strain is allowed to act for 
a long time, tlie wire does not return to its exact 
original condition quickly, Init takes time to do it; 
the wire is said to have acquired an elastic fatigue. 

If the load on the wire be gradually increased, a 
stage is reached when the wire breaks down. The 
weight required for tliis, is called the breaking 
weight and is the measure of the tenacity or the 
tensile strength of the material of tlie wire. The 
tensile strength of the same material is directly 
proportional to the cross-section. The breaking stress- 
for a cross-section of I sq. mm. is 34 kilos for brass, 
30 kilos for copper, GO kilos for iron and 30 kilos for 
steel. 

Hooke’s la^v is also found to hold in the case of 
elongation of the spiral wires. Hence these may be- 
used for the purpose of measuring weights as in 
spring-balances, Jolly’s spring, etc. 

(15) The elasticity of bending or flexure is seen 
in watch-sprintt? ' b’oWs, carriage-springs, spring- 
balances^ etc. When an elastic flat piece, such as a 
is ben|, it is obvious that the fibres on the 
oouyex side are lengthened and put in tension, while- 
those on the iitner side are shortened and com- 
pi’essed. The lavfs according to which bending takes 
place in the elastic beam# are of considerable interest 
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to the architects. A beam is much less easily bent 
when laid on its edge than when laid on its face. 
This is the reason why the beams of the roof of 
a house are placed an their edges. 

Elasticity of steel is utilized in the carriage- 
springs, the butfer springs of railway carriages, the 
clock and watch springs, spring-balances, spring 
dumb-bells, dynamo-meters, etc. 

(hi) The elasticity of torsion or twist is brought 
to action when a wire or a thread is twisted from its 
original configuration. 

Expt. 21. Take a ball or a cylinder and support it from 
a long and thin wire, the upper end of which is fixed. Attach 
a strip of paper with a little gum at the bottom of the ball to 
act as a pointer. Rotate the ball and they leave it. The ball 
returns to its init'al position after a few seconds. 

This property of the torsional elasticity of a wire 
is utilized in the physical laboratory as a delicate 
means of measuring the magnetic and electric forces 
e.g., in Torsion-balances, Vibration Magnatome- 
J,ers, etc. 

Different solids present different degrees of elasti¬ 
city. Glass, steel, ivory, marble are highly elastic 
bodies; while substances like lead, clay, fats, etc. 
possess scarcely any elasticity and are called 'plas~ 
he substances. 

India-rubber is commonly taken as a highly elas¬ 
tic substance ; but the real fact is that it has a wide 
limit of elasticity. It may bo stretched to twice or 
thrice its length, and still it regains the original 
length when the force is removed. Glass is much 
more elastic than India-rubber but its elastic limit is 
much nairrower. 

120. Cohesion. —From the various physical 
properties of solids, viz., hardness, elasticity, ducti¬ 
lity, tenacity, etc. we are lead to suppose that the 
molecules of a solid cling to one another with forces 
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that are of great magnitude at inconceivably small- 
distances. The attraction exerted by the molecules 
is called Cohesion and the inter molecular forces are* 
called the cohesive forces. The ^riation in the physi¬ 
cal properties possessed by different solids depends 
upon the difference in the magnitudes of the cohesive 
forces existing between their molecules. 

Cohesion is also present in liquids. It acts be¬ 
tween the molecules of water or of any other liquid 
and causes them to join and form droi)s when the- 
liquids are in small quntities. This is seen in rain¬ 
drops, in dew-drops on the leaves of plants and in 
small globules of mercury (see also art 154j. In large 
masses of liquids the force of gravity i)reponderates 
over those of cohesion ; hence these have no sha])e 
of their own, hut take the shape of the vessel in which 
they are contained. 

Adhesion.- —Attraction is also , exerted between 
the molecules of different kinds ; for example, betw'een 
those of water and a finger or a glass rod dipped in 
it. To this has been given the name of adhesiont 
There is no real difference between cohesion and 
adhesion; the former is often restricted to the at¬ 
traction existing between the molecules of like kinds 
«.e., to the molecular attraction inside a body, while* 
the latter to the attraction between two different 
bodies with there surfaces in contact. 

Glue sticking to wmod, mortar to bricks, nickel 
plating to iron, copper to zinc in a solder, etc. are in¬ 
stances of adhesion and cohesion ; good adhesion is 
secu^d by applying the cement or solder in liquid* 
conditidn, and cohesion is brought into play when 
the liquid is dried up. The particles of a crayon are* 
held together by "'cohesion, while they stick to a black¬ 
board due to adhesion. 

It is due to jadhesion again that two liquids mix 
with each other e.p,, flcohol and water, or that a> 
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salt or sufjar dissolves in water. Oil and water 
have no adhesion for each other and hence they 
do not mix. Eesin has no adhesion for water and 
therefore does not*dissolve in it. On the other liand, 
heat helps solution as a rule, because it lessens the 
cohesion within the soluble substances ; for the same 
reason, powdering a solid makes it dissolve more 
readily. 


Exercise Xll 

1. Expl;»iii and give illustrations of the different kinds of 
elasticity possessed by a solid. 

2. If a kilogram stretches a wire of 1 vim. in diameter by 
0 5 mill., how much will a wire of the same length hut of twice 
the diameter be stretched by 8 kilograms ? 

3. State Hooke's Law and define ‘Young’s modulus of 
elasticity.’ 

How would you determine Young’s modulu.s for a steel 
wire ? (C. U.—1932^ 

4 . State how you may, by use of Hooke’s Law and a 20 lb 
weight, make the Scale for a 82 lb spring balance. (C. U.—1986) 

5. Define cocflicicnt of elasticity. 

A mass of 20 kgs. is suspended from a vertical wire 
600’5cms. long and 1 sq. mm in cross-section. When the load is 
removed, the wire is found to be shortened by 0"5 cms. Find 
Young's Modulus for the material of the wive. 

(C. U.—1988) 



CHAPTER XV 

LIQUIDS • 


We shall now enter into the study of a particular 
branch of Physics called Hydrostatics. It deals with 
the equilibrium of liquids and gases and with the 
pressure they exert, wliether within their own masses 
or on the sides of the vessels in which they are 
contained. 

121. Fluids.—A fluid is a substance which 
yields to any continued shearing stress, however small. 
In other -words, a fluid does not possess elasticity of 
shape while a solid does. But a fluid, like a solid, 
will resist a force tending to reduce its volume and 
will recover tliat volume -when the force is with¬ 
drawn : thus it is said to have volume-elasticity. 
Hence the essential difference between a solid and a 
fluid is that wdiile a solid possesses both elasticity of 
volume and shajie, a fluid jiossesses only volume- 
elasticity. 

It has been seen that the ierui fhtid includes both 
the liquids and gases. A^as, however, differs* essen- 
tiaUy from a liquid in "its mdefinite compressibility 
and its po-wer of indefinite expansion. 

The compressibility in liquids is so small that for 
a long time liquids were regarded as incompressible 
substances. The first person to prove with an exact 
measiu^ment that liquids are compressible -w^as 
a Swedislj physicist (1855,2). The instrument 
that he used is called the Jj^iezi^eter. By means of 
this apparatus, he proved that all liquids are really 
•compressible under mry great pressures but only to 
» very slight degree 1; thus a pressure, equal to about 
200 times that of the atmq^phere, will reduce the- 
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volume of a quantity of water by T^i)th. part only. 
The same pressure will diminish the volume of a 
mass of mercury by part ; of ether by -fVth. 

part. As soon as the pressure is removed, the liquid 
regains its original volume. But in the case of a 
gas the slightest increase in pressure will at once 
cause a corresponding change in the volume (Chap. 
XXI). 

Again, if a quantity of a gas be enclosed in a 
vessel and the vessel bo enlarged to any extent, it is 
found that the gas will still occupy the whole vessel : 
this is certainly not true of a liquid. 

A liquid is aflmd, tkevohime of a given portim of 
which never exceeds a definite amount, no matter to 
hoin large a sjyace it Jms access, or how small the 
pressure to which it is subjected. 


A gas is ajluid, a given portion of which can be 
made to expand indciinitely by increasing sufiidently 
the space to which it has access. 

122. Fluid PreMure. —The 

f undamentaL nronertv of a fluid 
is that when ir. equilibnum, the 
force whicli it exerts on any 
surface, with which it is in 
contact, is at right angles to that' 
surface. This can be easily seei 
by experiments. If a vessel is 
filled with any fluid, say water, 
and if a hole is made on the 
surface of the vessel at any point 
it will be seen that the water 
rushes out in a,direction at right 
angles to the surface at that 
point. This proves that the 
fluid exerts a force on the surface of the containing 
vessel which is every Where normal to the surface../ 

Thus in a flask of the shape shown in fig. 11^ 



Thrust on the 
sides of a Jlask 
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which is filled with a fluid (water, air, etc.), tlm 
force will be directed as shown by tlie arrow-heads 
in the figure. 

123. Pressure at a Point .-*-The pressure at a 
point due to a fluid is the force exerted by the fluid on 
unit area surrounding that point. 

If the pressure P exerted by a liuid is uniform over a surface 
of area a, the pressureat auy point is ol)tamed by dividing' 
the total force or thrust exerted on the surface by the area of 
that surface, i.e., 

P 



If the pressure on a surface bo n(,t uniform, (as on the 
vertical side of a vessel containing a fluid), so that the force* on 
each equal element of the surface is not the same, the pressure 
at a point A of the surface is the for(!ewhich will bo exerted on a 
unit area at A, if on this unit area the pressure be unifoim 
and the same as it is on an indefinitely small area round A. 

The dimensions of pressure 

_ [Force] 

[Area] 

_ [MHLifT]-" 

= [M][L]-nT ].-■*'= 

The pressure at a point within a fluid is expressed 
in dynes or in grammes weight i)er square centi- 
in pounds weight per square inch. 

yl24^ Pressure within a Liquid. —If a liquid 
mass oe at rest, its weight produces internal pres¬ 
sures within its mass and on the sides of the vessel 
containing it. Suppose the mass of a liquid is divid¬ 
ed into' a* large number of thin horizontal layers. 
It is obvious that each layer has to support the 
weight of the layers above it. Thus a layer at a 
certain depth below the surface of the liquid experi¬ 
ences a downward force greater than that 
experience by onb whicla is above it. Hence it 
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follows that the pressure at a point P is 
to its depth. 

Expt. 22. Stretch a pioco of India-rubber sheet across 
the mouth of a thistle funnel T and connect it with a glass tube 
by means of a length of .m India-rubber tubing. A drop W of 
water, introduced with u the tube will act as an index of 
pressure (Fig. 114), For if the rubber on T is pressed with a 
linger, the air enclosed in the rubber tube is compressed and the 
index of water will move forward, the distance moved through 
being greater as the pressure of the finger is increased. When 
the pressure is taken off, the index reverts to its old position. 

Immerce T to different depths below the surface of water. 
The motion of the index W will indicate that the pressure on 
the stretched rubber piece increases continually as the depth 
is increased. 

It is also clear that the pressure at the same 
point depenclfi upon the density of the liquid. Thus 
if a liquid be twice as dense as water, it will exert 
at P twice as much pressure. 

125. Equality of Pressures in all Directions.— 

The pressure at a point within a liquid is exerted 
in all directions about the point and is the savie in 
value. 

If a plane area he rotated within a liquid mass 
about a point P, each face of the area is acted upon 
by a thrust perpendicular to the plane. Hence the 



Fig. 114 

Equality of pressures on all aides at P 

‘ *1 

pressure at a point will have different directions 
according to the orientation of the plane. Thus 
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water rushes into a boat through a leak in the 
bottom as well as through a hole in the side. 

Again, this pressure iS the same in value, whe¬ 
ther the surface which experiences the pressure, faces 
upwards, downwards, horizontally or obliquely. 

To show the equality of these pressures, the 
pressure-gauge of Expt. 22 may be used. 

Expt. 23. Take the funnel with its face downward to 
a depth below the level of water and note the position of the 
water index. The gau^e measures the vertical upward pressure. 
Now turn the funnel so as to make its mouth vertical, keeping 
the average depth the same as before (.Fig. 114). The gauge 
will now measure the lateral pressure. 

Thus turn the funnel-mouth to different directions keeping 
it at tho same depth. The stationary position of the index 
shows, theit the magnitude ot the liquid pressure is the same. 

{ 12jJ. Vertical Upward Pressure. —Imagine a 
honSrbhtal lamina drawn in the liquid mass. The 
weight of the liquid above it is the force acting down¬ 
wards on its upper surface. In order that equilibrium 
may be obtained, there must be an ‘upward vertical 
thrust across the plane, equal to the 
weight of the liquid above it. This 
upward pressure is sometimes termed 
the buoyancy of liquids. 

Expt. 24. Take a glass tube, ouo 
•end of which is grouad . Hold a thin plate 
of glass or a nietsd agJiinet the bottom 
of the tube with a string attached to 
it {Fig. 115). Lower the whole to some depth 
into a vessel of water and release the string. 

The plate d^des not fall. It is kept in its 
position by the upward pressure of water. 

Pour water ^ (which may h® coloured) 

■slowly in the tube. If wei^t of the plate be Fig. 116 
small, it will be found drop when the Upward pres- 
heigl^t of water inside the t^ibe is almost the sure in a 
.same as that of the water quiside. liquid. 

This shows also thjit the upward pressure on the 
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plate is equal to the downward pressure of a column 
of wat^r standing? on the plate. 

{ 12^1 Lateral Pressure .—The existence of the 
laterafpressure w^iich a liquid exerts upon the sides 
of the vessel which contains it, may be understood by 
supi)Osing that a hole is made on the side of the vessel 
and that this hole is covered by a plate which exactly 
fits the hole. The plate will remain at rest only when 
some external force is applied to it. 

When a liquid mass is at rest, the horizontal pres¬ 
sures on the two sides destroy each other, for it is a 
known fact that a vessel shows no tendency to any 
horizontal motion by being simply filled with a liquid. 
Accoi-dingly, if we I’emove an element of one side of the 
vessel leaving a hole through which the liquid can flow 
out, the rest of the 
pressure against this side 
•will be insiifiicient to 
preserve the equilibrium 
and there will be an excess 


Fig. 116 

Backward movement 
of a discharging vessel 

of pressure in the opposite direction. 

Cxpt« 25. Pig 116 represents a floating vessel of water 
liaving a stop-cock on oa® side. Fill it with water and opeti. 




Fig. 117 

Hydraulic tourniquet 
or Barker's mill 
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the Btop-cock while the vessel is at rest. Water jets out, and 
the vessel is seen to move slowly in a direction opposite to that 
.cf the issuing stream. 

In a Hydraulic Tourniquet or Barker’s Mill 
{Fig. 117) the effects due to the same cause are more 
marked. This consists of a vessel of water free to 
rotate about a vertical axis. The bottom of the vessel 
is provided with horizontal discharging arms, all 
bent in the same direction at the ends. Water 
emerges by the apertures of the bent tubes, and the 
mill is seen to rotate j-apidly. The unbalanced 
pressures at the bends of the tubes opposite to the 
openings cause the apparatus to rotate in a direction 
opposite to that of the issuing stream of water. 

1281 Magnitude of the Pressure.— We have 
defined* Hhe pressure at a given point as the force 
exerted on unit area described about that point. Let 
us now find an expression for the pressure at a given 
point in a liquid. Take a smaD circular aiea of * 
magnitude A (Fig. 118) surrounding a joint F inside 

the liquid at which the 
pressure is to be deter¬ 
mined. Let the density of 
the liquid be p and the 
depth of the point P be lu 
Imagine a vortical column 
of the liquid whose base is 
the circular surface A. This 
liquid column is in equili¬ 
brium under the action of 
three forces : (1) the pres¬ 
sure of the surrounding 
liquid (2) its dwn wdght acting vertically downwards 
and (3) the upward thrust acting on the base. The 
pressure of the surrounding liquid acts horizontally at 
all poiuts on the vertical sides of the column and has 
no component in the vertical direction. Hence 
the; two staining Joroes n|ast balance so that the^ 



Pi?. 118 

Prepare in a liquid. 
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ni)ward thrust on the base is equal in magnitude to 
the weight of the liquid column. That is, 

Upward thrust on A = mass of the liquid col¬ 
umn x g = volume of the column x density of the 
liquid X (j 

^ A hpg 

Pressure at P = P 9 


= h p g ... (81) 

From the above relation we find that the pres¬ 
sure at any point in a liquid depends upon 

V' ' ' ' {<i) the depth of the point ^ 

and {b) the density of the liquid. ^ 


Fig. 119 represents 
a tall vessel with 
several holes on its 
side at different 
depths. When the 
vessel is filled with 
water, the water is 
seen to How out 
through the holeswith 
different forces, for 
the pressures inside 
the liquid at the levels 
of holes vary, being 
greater at a greater 
d^h. . 

(ij g lHgfewUtic 

OMS®-—oiDoe the amount of the total pres- 
sure on a hori,zontal area ^ at a depth ^ ^n a 
liquid of density p is AhPgt it follows that the 
pressure on the bottom of a vessel containing a 
liquid is not affected by the breadth or narrowness 
of the upper part of the vessel. Thus if a number 



Fig. 119 

Pressure at ditferent depths 
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of vessels of different shapes liave bases of the same- 
area A, and are filled to the same heiglit 
h, with the same liquid of density p, the total 
pressure on the bases should bo exactly the same- 
in all the vessels. 

This conclusion is sometimes called the hydrostutic 
paradox ; for, at first siglit it seems quite impossible 
that the small quantity of liquid in the vessel C 
(Kg. 120) can exert the same force on the bottom as 
a much larger amount of liquid in tlie vessel A, 
although having the same base area. But the following 
experiment due to Pascal fully verifies the con¬ 
clusion. 



* PisesBurt on tho base of a liquid vessel 


Expt. 26. The vessels A, B, C, D in fig. 120 known as- 
Pascal's vases are opea at the base and have apertures of the 
aome area. They canjbe screwed on to the platform F. A disc 
attached to one end! of a lever L (or oi the beam of a balanoe> 
]^re6sl» agaihst the boltom of an|^ of the vessels when screwed 
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on to tho stand. Tho other arm of the lever or (balaiioe) 
carries a scale-piri S on which weights can be placed. ‘ ^ 

Screw on to F one of the vases. Place a suitable weight on 
the scale-pan. Pour water into the vase until the disc just 
begins to give way and •allows some water to escape. Note tho 
le\el of water b/ means of the adjustable pointer P. Remove 
the vase and replace it by another, and repeat the same experi¬ 
ment. It will be found that water begin.s to escape, when it 
attains the same level as before. 

Thus the thrust on thebas^depends only on the 
lieight of the liquid not the sha])e of the 
vessel or the qunntity of liquid contained. 

130. Pressure on the Support. —It should he 
notSfl, however, that in the last article we examined 
the thrust on the base of the vessel containing a 
liquid. But the force on the table on which the 
vessel stands, does in all cases consist of the weight 
of the vessel itself, together with the weight of the 
contained liciuid. For obviously the table has to 
support both these forces. Thus the force on the 
sujqiortmg table dejiends 6n the size and shajie 
of the vessel containing the liquid while the ])i'es8ure 
•Kit the base of the containing vessel is de])endent only 
fcn the surface of the li(iuid aliove 

nhe base. 

Supjiose that three vessels of the shapes show j» 
ill fig. 121 are filled with the same liquid of density 


I 


h 


1 



121 

. k ' * ' • 

f> to a given height h. Then the pressure exerted at 
B—17 
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4 Wiy point of the base of the veseel is in each case 
■equal to h P 0- But if these vessels are supported on 
,a table the force exerted on the table will be greatest 
in case of the vessel of fig. 121 (a) and least in case 
•of fig. 121 (c) 

V 

It may at first sight seem perplexing how the 
pressure at a point B on Uiebase of the vessel of 
fig. 121 (c) vertically below the inward projection 
AC is equal toFor the beginners may argue 
that the heigfir^ the liquid above B is which is 

much less than It should 
be rioted, however, that the^ 
liressure at B is equal to the 
pressure at the point D on 
the same horizontal level for 
if it were smaller or greater a'' 
TT’dl'^zrontal' ■ motion of the' 

i 

liquid particles would ensue, ‘ 
But since the liquid is at 
restj there is no such motion. 
Hence 

Pressure at B = pressure at D 
= hP 0 






J 



Hydrostatic Paradox 
Pig. 122 


It should be emphasized,,, 
therefore, that the pressure^ 
at any point a liquid is ' 

deiiendent qxi iher 

point heloio Ulc free surface of 
ine liquid whether it is verti¬ 
cally below the free surface 
or not. 

"" l?he following experiment, 
first performed hy Pascal, 
may be made to demonstrate 
the truth of the above states 
ments. A long narrow tube is 


-«^xed to the top of a stout wooden cask (Fig. 122) and the 
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fixed tube and the cask are then filled with water. The 
pressure at any point on the bottom of the cask is 
<equal to h p g and therefore the total pressure, on the 
bottom is equal to Ahpg, where A is the base area 
of the cask, h is the height of the surface of water in 
the tube above the base of the cask and p is the 

• density of water. Thus, although the actual weight 

• of the water contained in the tube is very small, its 
volume being very small, the total pressure at the 
.bottom of the cask is equivalent to the weight of a 
vertical column of water whose base area is equal to 
that of the cask and whose height is the height of 
the liquid surface in the tube above the base of the 
^cask. This may be too grea t for the cask to bear 
which ultimately bursts. 

But th e force exerte d on the supi)ort on which 
the cask stands is equal' to the weight of the cask 
and tube together with the total quantity of water 
contained in the whole and is evidently much 

smaller than the total pr^sure exerted on the bottom 
of tbfi..cJiisk by the superincAimbent;. liQujd . 

* r 131 jTransmissioA of Fluid Pressure; PascaFs 

Ltfw5^If the pressure at any point of a lluid is clmn- 
ged, the pressures at all other points are changed also. 
BaquAL, the great French scientist and mathemati¬ 
cian (1623-1662) first asserted in his treatise on 
‘Fjquilibrium of Liquids’ that ilie jne^aure exerted any¬ 
where 071 a 7nasfi of hqnidis Irasmitted in all direc- 
I'lcfis so as to act luitli undiminished force per iinit 
area. 

This transmitted inessure does, as we have seen 
before, always act perpendicularly to any surface in 
-contact with liquid mass, as otherwise it would have 
a tangential component, the existence of which is 
denied by the fundamental property of a fluid at rest 
•r(see art. 122). 

Imagine a vessel provided with openings of vari- 
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OU9 cross-sections a, h, c, etc., closed by a water-tight 

movable piston (Fig. 123). 



Fig. 


an additional force to cacli 
given by the product of the 
increased pressure ( 2 ;) per 
are all of the same area, 


Suppose the vessel to be- 
filled,with a liquid, and 
suitable forces be ap¬ 
plied to the pistons to 
keep them in their places. 
If now an additional 
l)ressure per unit area 
be applied, so that the 
total force on the piston 
of area a is equal to pa, 
all the other pistons will 
be foi-ced out. In order 
to maintain the equili¬ 
brium of the liquid mass, 
it is necessary to apply 
of the ])istons, which is 
area of the i)iston and. the 
unit area. If the piston 
the additional force to 


maintain each ]>iston in position will be the same. 



Fig. 1?4 

Multiplication of Presfeure 
will support a heav^' 


isi. Multiplica¬ 
tion of Force by the 
Transmission of 
Fluid Pressure. —In 

fig. 124, A and B are 
two cylinders of differ¬ 
ent sectional areas, say 
« and P respectively ; 
they communicate with 
each other through a 
pipe C. They are filled 
with water. A down¬ 
ward force w applied 
to the piston P, in A 
ight W acting on the 
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larger piston Pi in B in order to maintain equilibrium 
for the thrust per unit area of the piston in A 
which is transmitted to each unit area of the piston 
in B. Hence the total upward thrust on the piston in 

the vessel B = which equals IF. 


W a 


(82) 


Now if the area of B be 50 times that of A, one 
kilogram applied at A would support 50 kilograms at 
B. Thus a very small force may be transformed into 
one of a large magnitude. This principle is utilized 
in the Hydraulic Press. 


In a Hijdrostatic 



Fig. 125 

drostatic Bellows 


Belloios designed by PASCAL 
himself the principle of trans- 
missibility of pressure in a 
fluid is illustrated. A stout 
India-rubber bladder or a 
l eather bellow s (Fig. 125) is 
attached to a narrow tube 
A. The tube i« fixed in a 
vertical position and the 
bellows B rest on the table. 
The bellows and a part of 
the tube are then filled with 
water. It may be seen that 
a heavy weight placed on 
board of the bellows will 
be supported simply by 
the weight of small 
column of water in the 
tube. 


1^3. The Hydraulic Press. —The hydraulic press 
is in iommon use wherever a great pressure is requir- 
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ed. Thus it is applied in compressing paper, clotlL. 
cotton etc. ; in testing the strength of iron beams, 
steel plates for armour-clad vessels ; in extracting 
oil from seeds ; in making dies, "in embossing metal 
etc. 



Fig 12C 

The Hydraulic Press 

It consists of two iron cylinders or barrels, A 
and B (Fig. 126) the section of B being much greater 
than that of A. There is in each cylinder a solid 
rod plunger acting as a piston. The piston in A can 
he moved up and down by means of a lever L, having 
its fulcrum at its one end. The piston in the cylinder 
B, which is a large iron ram B, carries a platform’ 
on its top, whereon the objects to be pressed are 
[>laced. ^here is a fixed plate above the platform 
supported on iron pillars. Two valves, one placed 
in A, say Vj, another in the connecting tube T, say 
Vo, allow passage to water in one direction only. 

Ab the i>istofi in A is raised by means of the- 
lev«el* L, the pressure in tHe barrel A is diminished' 
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and the water from the cistern below opens the 
valve Vi and enters the cylinder. When the pistoit 
comes down, the valve V is closed, the second valve Vz 
opens and the wat5r passes into the large cylinder 
The pressure applied on the piston in A is thus^ 
transmitted to the second piston and is many times- 
multiplied. The platform rises slowly with a very 
large pressure. The valve prevents the water 
from rushing back from the barrel B. 

Let F be the forc3 applied to the lever. 

The mechanical advantage = qn, say. 

Resistance-arm 

The downward thrust Fi on the piston in A = viF which ifv 
-distributed over an area a of the piston. 

Hen 00 the upward thrust F.t on the larger piston in B of area 
(3 is given by Art. 1-^2. 

F=, F. x^ = m.F.^ ... (83) 

a a 

Therefore, the mechinic il advantigo of the whole machine 

wF./?/a P 

= — J -— = m.- 

F a 

Thus if the long arm of the lover L is 10 time.s that of the- 
short arm, and the area of the "larger-pi linger is 60 times that 
of the smaller one, the force applied is multiplied 10X50 or 
500 times. 

Though Pascal illustrated the principle of multi¬ 
plying a force hydrostatically, his apparatus (Fig. 124) 
was practically useless for many years on account 
of the-diflBculty in making the piston inB water-tight. 
Engineer Bramah was the first to get over this difli- 
SnRTtrrssr by inventing the cupshaped leather 
collar which prevents water from escaping by the 
sides of the piston.. It consists of a ring of leather* 
semi-circular in section, which is fitted with its con¬ 
cavity downard roun^ the piston in a hollow in the 
sides of the cylinder (O in Fig. 126). Water in passing 
between the piston and the cylinder fills the hollQw 
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under the ring and jiroduces by its pressure on it a 
packing which becomes the more tight as the pres¬ 
sure on the piston increases. 

It is evident that the decrease in the^. volume of water in A 
]’.s equal to the increase of water in B. 

Hence 

if X is the distance through which the small plunger of area 
a has to move down to raise the big plunger of area j8 through 
n, distance y 

Ov -- =- = ^’ (Eqn. 84) 

V “ Pi 

F;iX = F.yy 

As ^ the above equation indicates that 

the work done by the larg(r piston is the same as that done on 
the smaller one. Thus, in the example given above, the 
smaller piston has to come down through GO times the distance 
throvigh which llie larger piston is raised. Again the end of the 
lex el-rod wheie^ the power is applied, has to lie pushed down 
through .^00 tunes the same distance. ' 

Thus the Principle of Work or the Conservation 
of Energy holds true in this case. 


Exercise Xlll 

1. Describe experiments to show that water exerts pressure 

in all directions. [0. U.—1911 ; *14 ; '27] 

2 . A tin vessel provided with a tap at the side near the 

bottom is filled with water, and made to stand upright on a 
thick plate of cork. Explain what will happen when the tap is 
opened. ^ [C. U.—1914] 

JJ. -A plate 10 inm. square is placed horizontally a metre 
below the surface of water, when the Jieight of mercury baro¬ 
meter is-70^ cm. What will be the total pressure on the plate? 
4’Dcnsity of mercury—18'6 gms, per CO.) . [C. U.—19111 

4. Define intensity of pre'Eurc at a point P in a fluid. 

Prove that the difference of pressure between the surface of 
.ti liquid and a point ip the liquid .? cm. below the,surface, is 
given — where d is the density of the liquid and g, the 
l^jwyelcr.itson due to grj^vjty. ^ . [0. U.—19101 



-133J 


LIQUIDS 


265 


6 . Find the pressure due to a column of mercury GO cius. 
high. Does the pressure vary with the diameter of the tube in 
which the mercury is made to stand f 

6 . A cube, the edge of which is 10 cms. is suspended in 
water with its sides ve»ticjl and its upper surface at a depth of 
10 cms. below the surface. Find the pressure on each of its 
faces. 

7. State Pascal’s law as to the transmission of pressure in il¬ 
liquid. 

Describe the principle and acticn of a Hydraulic I’ress, 
giving a sectional diagram. TC. U. —19‘2*2 ; ’29] 

8 . Describe expariments by which you will measure the 

pressure of the gss and water supplied in the laboratory at the 
respective taps on your working bench. H^it, U.—1919] 

9. The density of sea-water is 1 025. Find the pressure at 
the depth of 10 ft, below the surface in pounds per square foot ; 
given that one cubic foot of water weighs 62’5 lb. iO. U. —1927] 

10. At what depth below the surface of water will the 
pressure be equal to two atmospheres, if the atmospheric 
pressure is 1 raegadyne (10^ dyne ) per sq. cm. ? 

‘<7 = 981 em./stc.-.) 
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134. The Atmospheric Pressure. It is known 
to all of us that the earth is surrounded by an 
atmosphere of air which is a mixture of nitrogen, oxy¬ 
gen and other gases. We are literally immersed in 
an ocean of air, just as a fish lives in an ocean of wa¬ 
ter. Air, being a fluid, thus exerts pressure from all 
directions on our bodies and on all objects on earth 
with which it is in contact. As we rise up above the 
surface of the earth the amount of air above us gra¬ 
dually diminishes and so the pressure also diminishes, 
for this is equal to h p g, where h is the height of tlie 
surface of air above the point in question, pis the den¬ 
sity of air and g the acceleration due to gravity. 
The pressure which the air around us exerts at a 
point is called atmospheric pressure. At the surface 
of the earth the magnitude of this pressure is about 
10^ dynes per sq. cm. 

A more detailed discussion about the atmosphere 
and^^tk^%pre8sure exerted by it will be given later on. 

(13S! Conditions of Equilibrium of Liquids.—^ 

Wel^^e already seen that a liquid mass cannot be 
at rest in any vessel unless the pressures exerted on 
a liquid molecule at any point act from all directions 
and are equal in vQilue. The truth of the above con¬ 
dition is self-evident, for if the forces exerted on any 
imrtiole in two contrary directions were not equal, 
the parj^icle would toove in the direction of the great¬ 
er iorce, and there would hi no equilibrium. 
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Further, when a liquid is at rest under gravity, as 
is generally the case, its free surface must be horizon¬ 
tal. As otherwise, some 
parts as at A would be 
higher than others as at 0 
(Fig. 127). The pressures 
at B and D of a horizontal 
layer BD, taken within 
the liquid mass will be 
unequal, For, 

Press, at B = ■”■ + gph^ 
and Press, at D = + gPh 
where is the atmosphe¬ 
ric pressure, // = AB and 
A' = CD.. 

AB being greater than 
CD, the pressure at B is greater than that at D. 
Hence the liquid particles which are mobile, would 
move away from the places of higher pressure to- 
those of lower ones ; in other words, the mass of 
the liquid cannot be at rest. 

The state of equilibrium will be attained only 
when the pressures at B and 1) are equal, i.e,, wher» 
the liquid surface is horizontal. 

It is to be noted from the above that the pressures 
at all points in the same horizontal plane are equal. 
This may also be seen in another w^ay: 

Take two points A and B in the same horizontal plane 
(Fig. 128) within the liquid. Join AB and consider a very thin 
cylinder having AB as its axis. 

This cylinder is in equilibrium under the action of tho 
following forces :— 

(i) its weight acting in a vertical direction and therefore 
perpendicular to AB. 

(ii) The thrusts on the curved surface, everywhere perpen¬ 
dicular to the surface and therefore perpendicular to AB. and 

(iii) The thrusts on the ends at A and B, these being the- 
only forces in the direction of the axis AB. 



The free surface of a 
liquid at rest 
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The forces under (i) and (ii) being perpendicular to AB have 
no component in the direction of AB. 

Hence, the forces under .'iiij 
must talanoe, i.e., 

the thrust on the end A = thc 
thrust on the end B. 

And since the areas of the 
ends A and B are very small and 
oqual, 

pressure at A=pressuro at B. 

For equilibrium, 

the thrust on the end A=tho 
thrust on the end B. 

If the ends of the cylinder 
are v.(sry small, we have pressure at A=pressure at B. 

; 136/ Equilibrium of a Liquid in Communi- 
catiiiffVessels. —When a liquid is contained in seve¬ 
ral vessels coniniunicatinf* with each other and is at 
rest, it stands equally high in all the vessels, so that 



Fig. 12a 

Pressure in a hori¬ 
zontal plane 



the free surfaces of the liquid in all the vessels die in 
the saqje horizontal plane. Thus in a tea-pot the 
water stands at the same height in the spout as in 
the vessel itself. This fact is commonly expressed 
by saying that LIQUIDS FIND THEIE 
This is, of course, a;consequence or tlie tact ihar Ihe 
pressures in a horizontal layer in the liquid at rpst 
are the same. 

21 f In fig. 129 the a|>paratu 6 consists of a series 
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of vessels of different shapes and capacities, connected together 
by a common tube. Pour water into one of these vessels. The^ 
water-level is seen to rise in all the vessels, and will stop at the 
same height in each. 

For equilibrium, the pressures at points in the 
same horizontal plane within the liquid must be 
the same: again, because tlie pressure at any point 
depends upon the height only of the liquid above it 
and not on the shape of the vessel that contains it 
(art. 128), the level of water in all tlie vessels is 
in the same horizontal plane. 

137. Equilibrium of Several Liquids in the 
Same Vessel.-'When several liquids of different den¬ 
sities, which do not mix, are placed in the same ves¬ 
sel, they will arrange iji tlie order of their densities 
decreasing from the bottom upwards. 

Expt. 28. Pour into a, long narrow bottle small 
quantities of mercur\, spirit coloured red, water saturated with 
potassium carbonate to prevent its mixing with alcohol, and 
kerosene oil. Shake the bottle and then keep it aside on the table. 



The liquids are first seen to 
mix hut gradually thc\ will sepa¬ 
rate. Mereuiy, the densest liquid 
sinK to the iiottom ; then stand 
water, alcohol and oil [Pig. 180,' 

For the some reason, the 
fresh water at the mouth 


A B 



Fig. l.Tl 

Fig 180 ^ho common surface of two liquids 

A phial of four liquids which do not mix 

of a river floats for a long time on the denser salt 
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water of the sea. Cream, which is lighter than the 
milk, rises to the surface. 

Secondly, the common surface of any two liquids, 
which do not mix, is a horizontal *plane. The state¬ 
ment may be verified by observing the common sur¬ 
face of any two liquids in the bottle (Fig. 130), when 
the liquids are at rest. 

Theoretically, the statement may be proved in 
the following way : 

Let P and Q [Fig. 181j be any two points on the common 
surface CD of two liquids of densities P and p'. Let PR and 
QS be the hori/'ontal planes through P and Q. 

Pressure at P —pressure at ^ = g p h 

Also pressure at R — pressure at Q~g p' h 

where h = perpendicular distance between t'le horizontal pianos 
PR and QS. 

But pressure at P = pressure at R 
and pressure at S = piessure at tj 

fjph = 0 p h 
ph = p h 

i.e-, P and p' must be equal or if they are unequal, h must 
^vanish, i.e ., P and Q must lie in the same horizontal plane. 

138. Equilibrium of Two Liquids in Two 
Communicating Vessels. —If two liquids of different 
densities, which do not mix, be contained in two 
jedimmunicating vessels, their levels are no longer in 
the same horizontal plane, the level of the lighter 
/liquid being higher. 

There will be equilibrium only when the heights 
•of the two liquid columns in the two vessels above 
their common surface of contact are inversely as their 
densities. 

Let us suppose that two liquids of densities Pi 
and Pa occupy the portions pED and AD respectively 
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of an U-shaped tube as shown in fig. 132, their 
oominon surface of separation being D. Draw a 
horizontal plane through D cutting the other arm in E. 

Then evidently .the pressure at D is equal to the 
pressure at E. Let CE = h, and AD = /ia 

Then pressure at E = '^ + P^yhi 
and pressure at D = '’’' + PiQhz 

+ = TT + p.yki, 

where ’’’ is the atmospheric pressure. 

Or ... (86) 

hi Pl 


Hence in* order that two liquids 
vessels may be in equilibrium, 
their heights above their com¬ 
mon surface shall vary inversely 
as their densities. 


The relatioji is made use of 
in comparing the densities of two 
liquids (Art. 151). 


It is to be noted that as the 
olumn of liquid supported in 
A each vessel depends on the pres- 
^ * sure per unit area, the cross- 
sections of the tubes do not at 
ill enter into consideration. 


in communicating 


c 

/ 

/ 

E 



• 139, The Water-level."— B 

This instrument embodies a p. 

simple application of the prin- 

eiple that the levels of j^Jiquid, Equilibrium of 

in two connecting tubes is in the liquids 

same horizontal plane. It consists of a metal tube 
(tig. 133) bent at right angles at both ends, in w^hich 
are fitted two small glass tubes. The apparatus is 
placed on a tripod stand which allows the instrument 
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to be turned to any direction. It is placed in an 
api^roximately horizontal position, and water gener¬ 
ally coloured a little, is poured into the tube until it 
rises into the glass limbs. When Uie liquid comes to 
rest, the surfaces of water in the two legs are in the 
same horizontal plane. 

The water-level is used in the operation called 
levelhmj, the object of which is to ascertain the differ¬ 
ence between tlie levels or the vertical heights of two 



13.8 

Using n wator-lcve] 

giveJi points. At each of the poijits a levelling-staff 
is fixed. I’liis is an upright graduated rod on wliich 
slides a small square tin plate, whose centre sej’ves 
as a mark for the observer. The observer looks 
across the surface of water in the two tubes of the level, 
and directs his assistant to raise or lower the plate 
until its centre is in his line of sight (Fig. 133). The 
assistant goes next to the other point and repeats 
the process. The difference of the levels required 
is givert by the difference in the positions of the slide 
on the staff'. 

For more accurate work, a telescope with an 
attached spirit-level is used. The observer reads the 
graduation on the levelling staff -through the telescope 
which is kept Horizontal by means of a spirit-level. 
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140. The Spirit-level .—It consists of a glass tube 
very slightly curved and contains spirit which nearly 
fills the tube, leaving room for a bubble of air which 
occupies a position At the highest part of the tube. It is 
fixed in a brass mounting (Fig. 134). When the case 
rests on a horizontal surface, the bubble is exactly 
between two lines marked on the glass by the maker. 
But if the surface be inclined to the horizon, the 
bubble will always stand nearest to the higher end of 
the tube. By reversing the spirit level, the bubble 
will change its place in the tube. The instrument, 
therefore, furnishes a means of testing the borizon- 
tality of the surface on wdiich the level rests. The 
spirit-level is moie delicate than the water-level. 




Fig. 194 Fig. 135 

A straight Spirit Level A circular Level 

To examine whether a plane surface is horizontal 
or not, it is necessary to test by means of a spirit- 
level whether any direction taken in the plane is 
horizontal or not. 

Fig. 135 represents the circular form of a spirit- 
level often used in the laboratory. The spirit is in a 
small circular vessel with a glass top wdiich forms 
part of a sphere, and the under surface of which is 
concave. A bubble is allowed to remain inside the 
vessel and a circle is etched on the glass top, so that 
if the circle marked by the bubble is concentric to 
this, the base of the vessel is horizontal. 

141. Water supply of Towns. —The property\ 
of a liquid ‘to find its own level' is utilized in the 

^ ‘B—18 




^74 


GENERAL PHYSICS 


[XVI- 


water-supply of towns. A reservoir is constructed 
on some elevation which is higher than any part of 
the town to be supplied. Water is forced up by a 
pump into the reservoir, which is fed by a river, a 
lake or a spring. Main pipes starting from the reservoir, 
are laid along the principal roads, and smaller 
service-pipes are branched off from these mains to 
go to the houses to be supplied. Water will find its 
way from the reservoir to the houses through the 
pipes which may rise or fall, in whatever manner is 
•convenient, provided that no part of these is higher 
than the surface of water in the reservoir. 

142. Artesian Wells. -The action of the Artesian wells 
depends on the same tendency of water to find its own level. 
Fig. 186 represents a section of what the geologists call an Arte¬ 
sian basin. The layer K in the earth’s crust is composed of some 
porous materials, such as sand, gravel or chalk, through which 
water can percolate. The strati B and C above and below K 
respectively arc clay, slate or some other material, impervious 
to water. The rain-water falling on that part of the stratum 
K where it comes to the surface, called the ciiicrop, will collect 
in K. If now a boring is made through the layer B, the 
water gushes forth to a height that depends on the difference 
between the levels at the outcrop and at the part where tb* 
boring is made. 

Many Artesian wells exist in the United States, Algeria, 
Australia, Germany etc. A number of Artesian wells has been 
bored in the desert of Sahara and an abundant supply of water 



Fig. 186 

An Artesian well 

«W P 

is found at a depth of SOO^ft. ' The water which feels the 
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Artesian wells often comes from a very great distance. The 
deepest Artesian well in existence is near l^rlin. It is 4194 ft. 
deep. 

Tube-wells .— Ajtube-well is a device by means of 
which we can pump out water from inside the earth. 
This underground water is found at levels which are 
usually much less deep than in the case of Artesian 
wells but are fed by sources which are lower than 
the surface of the earth at the place where the tube 
well is bored. Consequently, the water has not enough 
pressuie to come out of the earth’s surface of itself 
so that mechanical effort is to b^ made to pump it up. 


Exercise XIV 

1. Explain whit is meant by saying that water finds \ts 
own level, (live any practical illustration of this- 

2. Dcxribe a spirit-level and how it is used to level a 
plane surface. 



CHAPTER XVll 


RESSURE ON BODIES IMMERSED 
IN LIQUIDS 


(143,^ Thrust on a Body immersed in a Liquid 

—I^"‘has been shown in art. 127 that a body im¬ 
mersed in a liquid experiences an upward force. A 
piece of cork, plunged in water and then let go, is 
pressed up towards the surface and floats. It is easy 
to lift a tub of water within water, hut as soon as 
it leaves the water, its full weight is to be support¬ 
ed. A person bathing in a tank can supjiort his 
w'hole weight by pressing lightly against the ground 
under water with his lingers, or may tread upon 
sharp stones without any iniury, as he is buoyed up 
by the water. 



Fig 187. 

Thrust on an immersed body 


Let S (Fig. 137) 
be a body immersed in 
a liquid at rest under 
the action of gravity 
and held in position, 
if necessary. The 
solid is subjected to 
the pressure exerted 
by the surrounding 
liquid. Imagine the 
body S to be removed 
and the space ABC it 


occupied, be filled with extra liquid, the rest of 
the liquid being undisturbed. The pressure on 
each element of the surfa(#e ABC of this additional 
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liquid has the same value as when the solid 
was immersed and hence the resultant thrust 
on the solid is the same as that on the liquid 
which has replaced it. Now the latter is in 
equilibrium under its own weight W acting verti¬ 
cally downwards through its centre of gravity, and 
the resultant of the pressures due to the surround¬ 
ing liquid acting on its surface. Hence the resultant 
4lmist must he equal to the weight of the liquid of the 
same volume, and must act vertically upwards 
through the centre of gravity of this portion of the 
Uqiiid. 

If the solid be not completely immersed, the same 
conclusion is also arrived at by supposing the 
immersed portion of the solid to be replaced by the 
liquid. 

The upward resultant thrust on a solid immersed 
in a liquid, wholly or partially, is called the buoyancy 
of the body; the centre of gravity of the liquid 
displaced is the centre of buoyancy. 

The centre of buoyancy of a body does not in general coin¬ 
cide with its centre of gravity. The two points will coincide, 
only when the body immersed is homogeneous. It should 
be noted, however, that they are always on same vertical 
line. . ' - 

The resultant thrust in a liquid does evidently 
depend on the density of the surrounding liquid and 
the volume of the immersed body, and is not affected 
in any way by the nature of the material of the body 
immersed. ^ 

A body experiences no buoyancy, however, unless 
the liquid acts from below the body. This explains 
why boats which have settled down on a muddy bank 
at low-tide do not sometimes rise with the rise of 
tide 

Principle of Archimedet. —The deduction 
-arriv^'^at in the last article is known as the Prin- 
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oiple of Archimedes, the celebrated Sicilian geometri¬ 
cian of antiquity. The principle enunciates that 
“A body immersed in a liquid seems to lose a. part 
of its weight, tvhicH is equal to the iveight 'of the 
displaced liquid.'' 

The displaced liquid has evidently the same 
volume as that of the body immersed ; and the loss in 
weight of the immersed body is caused by the upward 
thrust equal to tlie weight of liquid of the same 
volume as that of the body. 

Archimedes’ Principle may be verified experiment¬ 
ally by means of a hydrostatic Imlance or a spring- 
balance. A hydrostatic balance is simply an ordinary 
balance by which the weiglit of a body immersed in 
a liquid is conveniently obtained. In some forms, 
the balance has one of its pans susjiended by a shorter 
frame or chains than the other ])an. A hook is 
attached to this pan, from which the body to bo 
weighed is hung by a string. In other forms, as in 
fig. 13ft a wooden stool or bridge C is placed on tlie fioor 
of the balance-case over one of the scale-pans (say, < 
the left-hand one) which can swing freely below it, 
the supports of the scale pan passing on either side 
of the bridge. A beaker may be placed on tlie bridge, 
and a body may be hung immersed in a liquid 
in the beaker without interfering with the free 
movement of the pan, when the beam of the balance 
oscillates. 

Expt. 29. In fig. 138, A is a .solid metal cylinder with a 
hook attached to its upper end. B is a hollow cylinder closed 
at thp bottom. A just fits in B, so that the internal volume 
of the oyfiuder B is equal to the volume of A. 

Suspend A below B, and the whole from a hook attached 
to the knife-edge on the left-hand arm of a balance, so that A 
hangs inside an empty beaker D placed on the bridge. Counter¬ 
poise the whole by placing weights on the other scale-pan. 

Fill the beaker, with wa|er. The upward thrust on A 
^s||irhs the balauee, and the arm carrying A and B idses up. 
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Drop water from a pipette into the hollow cylinder B, The 
balance wi^ be restored when B is full. 

Hence the upward thrust on A in watt r is exactly bahneed 
by the weight of water which fills B, and the volume of water 
in B is just the sarao^as that of A ; therefore, the upward thrust 
on A equals the weight of the water displaced by it. 

The experiment may be performed with any other liquid 
top. The liquid in the beaker D and that which fills up B being, 
of course, the same. 



Fig. ISS 

^'or^ficatlOll of 
ArehimedoK’ Prnieiple 

The experiment can bo inorc 
of a spring-balance 



Fig. ion 

Thrust of an immersed body 
on tha bottom of a vci-stl 

quickly performed by moans 


The ])rinciple can iilfio be veriiied by taking an 
ordinary sinker instead of the cylindei s A and B. 

Expt, 30. Oct an ordinary glass stopper Find its 
wight W in the usual way. Hang it from the suspension hook 
of the .'icalc-pan by a fne wire and weigh it as it hangs fully 
immersed in the water contained in the beaker D of the last 
experiment. 

Record the apparent weight W', thus observed, of the body 
in the water. The difference between W and W' should be 
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©qtial to the weight of the water displaced by the body. Now 
find the volume of the body by the method of displacement of 
water as explained in art. 20. From the volume in c.c. of the 
displaced w.iter, its weight in grams is known, for the weight 
of 1 c.c. of water is approximately 1 gnp. It would be found 
that the weight last obtained agrees very closely with the 
apparent loss in weight of the body in water. 

It should be noted that the loss in weight of a 
body immersed in a liquid is only a n apparent on e. 
for really a vessel of water and a body, say the solid 
cylinder A in expt. 29, placed together on the scale- 
pan of a balance would weigh the same, whether 
A is outside the vessel or inside it. Though the 
solid loses a part of its weight while in water, the 
total weight on the pan remains the same. 

Expt. 31. Place a beaker containing water on the scale- 
pan of a balance and counterpoise it. Thrust your finger in 
the beaker ; the pan carrying the beaker will go down. 

Take a body K whose volume V c.c. is known by the method 
of deplacement of water. Suspend K in the water from a fixed 
outside support (fig. 139). The pan carrying the beaker is again 
depressed. Place weights on the other pan to restore equili- 
The weig hfc - wili W V_gms ; hut this again 

is the weight of the water displaced by Iho solid. The immersed 
body thus seems to odd a further weight on the balance-pan 
equ'nl to the weight of the displaced liquid. 

The Explanation of the above may be given in 
the following way :—The solid when immersed in 
water displaces a quantity of the water of its own 
volume, and is thereby acted upon by an upward 
l)r^sure equal to _the weight.j:>f tit© water displckoed 
by it. But as tlie action and the reaction are equal 
ffflcT^pposite Third Law of 

body Exerts, by way of reaction, a downward force 
of the^me value on the water in the beaker. Hence 
H the supporting pan of the balance is affected by 
/this additional weight which is equal to the weight 
i^f the water displaced by the body immersed in it. 

The story of Hiero’s Crown in connection with the reihark- 
able discovery of Archimedes concerning the weight of bodies 
immersed in water has often beer^told. Archimedes (B. C. 287- 
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212) was born at Syracuse in Sicily and lived about the same 
time as Euclid. *Hiero’, the king had given to a goldsmith a 
<juantity of gold which was to be fashioned into a crown. When 
his work was completed, the king found that its weight 
corresponded with thSt of the metal which had been delivered 
to the goldsmith; but he suspected that some of the precious 
metal had been kept back, and its weight made up by baser 
metals alloyed with the gold in the crown. He sent the crown 
to Archimedes to pronounce on the true state of the case. How 
to do this was for sometime a puzzle to the philosopher, but 
while thinking over the matter, a slight incident suggested the 
solution of the problem. He was one day entering his bath, 
which happened to be quite filled, and noticing that the water 
■overflowed its edge in proportion as he immersed his body in 
the liquid, it struck him that the quantity of water which thus 
ran out constituted an exact measure of the bulk of the 
immersed body which displaced it. Ho immediately perceived 
that if the crown were of pure gold, it wouM, when immersed in 
a vessel quite full of water, cause the same quantity of the liquid 
to run over the brim as would a lump of gold of the same 
weight as the crown ; whereas the latter, if alloyed with silver 
or bronze, would displace more water than the lump of gold. 
When this idea flashed upon the bather’s mind, ho was so 
overjoyed at this discovery that he leapt from the bath, and 
ran out, unclad as he was, crying “Eureka ' Eureka ! 1 have 
found it out ! I have found it out.” Thus led to make experi¬ 
ments on the weights of bodies in air and in water Archimedes 
•cam^'to discover his well-known Principle. 

145/ Determination of the Volume of a 
Solid by Archimedes’ Principle.— -Archimedes’ 
Xirinciple provides us with the means of liuding the 
volume of a body that sinks in water. Let 

Weight of the body in air = W gm. 

Do Do in water — W' gm. 

Then the upward thrust = (W - W ) 

This, by Archimedes’ Principle, equals the weight 
■of a mass of water equal in volume to the body. 

the volume of the body = (W - W ) c.c. 

since 1 c.c. of water weighs 1 gra. 

Now the density of a body is (see §114.) its mass 
per unit volume. 

W 

Hence density of the body = „ , gm/c.c. 

W W 
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If the weights are taken in pounds, it must b& 
remembered that 1 cu. ft. of water weighs 62'6 lbs. 
Hence the volume of 1 lb. of water is l/62’5 cu. ft. 
and the volume of (W - W) pounds is 


W-W' 
62*5 


cu. ft. 


146; Equilibrium of Immersed and Floating 
Bodies. —Consider a solid of weight W to be com¬ 
pletely immersed in water. Let w be tlie weight of 
the liquid displaced. The solid is under the action of 
two forces, vtz.. 


(1) its own weight W acting downwards 

through its centre of gravity and 

(2) the resultant upward pressure iv acting 

at the centre of buoyancy 

Three cases are now possible ; 

(l) If W>a*, the solid sinks in watei': it is den¬ 
ser than water. Thus a stone, a luiu]) of iron, etc., 
will sink in water. If it be suspended by a string, tlie 
tensionT*along it must act upwards and is given by 

T = W - 

The body will, therefore, appear 
lighter within water then in the air. 

(2) If W = ?r, the solid will 
float wholly submerged anywhere 
in the liquid, and will have no 
tendency either to ascend or to 
descend. 

Expt. 32. Take a f-mall jar or 
a bottle. Fill it two-thirds with a mixture 
(5f equal quantities of water and alcohol. 
Drop a small quantity of olive oil in 
Fig. 140 the mixture by means of a pipette. The oil 
collects into a globular shape due to cohesion 
an<i should float in- the mixture (fig. 140) somewhere within 
it,^If it falls to the bottom, there is too much alcohol m tho 




.-146] PRESSURE Oy BOf>IES IMMERSE^) IN LIQUIDS 288 

mixture ; if it rises to the top, there is too much wq.ter. So 
this can easily be put right. 

(3) If W< 2 r, the solid floats partly submerged 
in water. Cork, .wood, wax, etc., float on water. 
As the upward force due to the displaced liquid is 
greater than the w'eight of the immersed body, the 
body is pushed up towards the surface. From the 
moment it emerges out of the liquid, the weiglit of 
the liquid displaced gradually diminishes until it 
becomes equal to the weight of the solid, wdien the 
solid is pushed up no further. It is then in equili¬ 
brium under tlie action of the two equal and op])osite 
forces W and In practice, the body may execute 
a few oscillations at the surface of the li(]uid before 
it finally comes to be in equilibrium. 

Hence the condit'ions of equ'iUbrimn of a iloatimj 
body are :— 

(i) A floating body must displace its own 
weight of the liquid in which it floats. 
According to Archimedes’ Principle a 
body that floats has lost its whole,- 
weight. 

(ii) The centre of gravity of the body and 
that of the liquid displaced are in the 
same vertical line, for the lines of action 
of the two opposing forces W and w 
acting on a body in equilibrium must be 
the same. 

Thus a })iece of wmod w eighing 200 gms. must 
displace 200 gms in weight and hence 200 c.c. in 
volume, of water. It wmuld also displace 200 gms. of 
any other liquid in wdiicli it may he allowed to float. 
If the density of wmod be 0*4, its volume is M/p or 
200/0'4 or 500 c.c. Thus the piece floats in water 
with I ths of its volume immersei^. 

When water freezes into ice, it expands in 
volume, and its density is a little less than 1. A 
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piece of ice l)ut in a tumbler of water will float in 
water and will show its top only above the level of 
water. In sea-water, the density of which is a little 
higher than 1 (about 1'03), an itee-berg floats out 
of water with about i%ths of its volume under 
water. 


A body which floats in one liquid, may sink in 
another. This happens when the body is lighter than 
one liquid but denser than the other. Thus wax 
floats on water, but sinks in ether. A lump of iron 

floats in mercury but 
not in water. Similarly, 
drops of oil float in 
water, sink in alcohol 
and swim in a suitable 
mixture of both. An egg 
will sink if placed in 
fresh water and will 
float if placed in a 
strong solution of com¬ 
mon salt in water. For 
a similar reason a 
heavily loaded ship is 
partly unloaded before 
it enters a river for 
river-water is less dense 
than sea water. 

i The different cases 
of suspension, immer¬ 
sion and floating that 
can present themselves 
when a body is im¬ 
mersed, can be shown 
by means of a well-known hydrostatic toy, 
the cartesian described even in old treat¬ 

ises on Physics. tChe diver consists of a small 
hollow glass ball having! an opening in its lower 



Fig. 141 

The Cartesian Diver 
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side, by which water can eater, or escape, A little^ 
porcelain figure is attached to the ball as a counter¬ 
poise. Sometimes the figure has no ball above it, but 
is itself hollow iu the upper part of its body and 
is provided with a tubular tail open at the end 
and communicating with the body, The figure 
is of such a mass that the whole just floats in 
water with some air in the ball or in the hollow 
body. 

Expt 33 .—Take a jar and nearly fill it with water. Lot 
the diver float in this water. Close the top of the jarnitha 
piece of India-rubber (fig. 141). 

Now apply pressure with the hand on the rubber. The 
diver will sink. On releasing the pressure of the hand, 
the diver may be made to remain stationary within the 
water. 

What liappens is this :—On pressing the Indiji- 
rubber down, the air above the water in the jar is 
compressed. The pressure is transmitted through 
water to the air in the bulb, and compresses it. Moi’e 
water enters the ball and thereby causes the wliole 
toy to become heaviei' than the weight of the water 
displaced by it. Hence the diver descends. On 
removal of the hand, the air in the ball expands, and 
expels the excess of water wliich entered it. The 
figure becomes lighter and ascends. It must be 
observed, however, that as the diver continues to 
descend, more and more water enters the ball owing 
to the increase of the hydrostatic pressure, so that if 
the depth of the water exceeds a certain limit, the air 
in the hall cannot expand sufficiently to allow the 
diver to rise again, even when the air-pressure on the 
surface is relieved. ? 

Most fishes have an air-bladder, called the s%vim> 
TYiing bladder, below the spine. By compressing or 
dilating this at pleasure the fish can either rise or 
Isink in water. 
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The modern sub-marine is essentially flothing but 
a huge Cartesian Diver. When it floats on the surface 
of the sea liice an ordinary ship, it has the greater 
part of its bulk immersed. It is provided with large 
ballast tanks T (Fig. 142) in the bow, the middle 
and the stern of the ship. Water may be admitted 
into the tanks or discharged out of these by means 
of powerful pumps that are worked by compressed 
air. When the tanks are full of water, the 




Fig. 142—The Principie of a Sub-marine 

ship becomes slightly heavier than the water 
displaced and hence it sinks. In order to rise 
up, the water is expelled from the tanks. The 
operation of filling or emptying the tanks may be 
done in less than a minute. Besides the vertical 
steering rudder R, to direct the ship in its forward 
motion, it is also provided with horizontal rudders 
F.H. fend S.H. called the kydroplaiies in the front 
and the stern, fitted on both sides of the vessel. By 
means of engines^ the hydroplanes can be slightly 
tilted to regulate the depth of submergence, as desired. 

c. the connitg tower of the ship is fitted the 
^pbriseope P. the toj) of ^vhich remains above the 
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water surface even when the vessel is submerged ; 
it is used for the purpose of observing what is 
taking place above the surface. 

A body though made of a material denser than 
A liquid may, however, float on its surface. For 
this purpose, it must be given a hollow or a con¬ 
cave shape, so that if fully immersed, it can displace 
a volume of liquid, the weight of which is greater than 
that of its own. Thus a porcelain saucer, a boat, a 
ship, etc., float freely on water. Bodies denser than 
water can also be made to float on water by attaching 
lighter bodies to them. This principle is applid to 
the use of life-buoys ' and life-belts. 



Fig. 143 represents a floating dock. When water 
is allowed to hll the chambers a, the dock sinks UKtil 

the water4ine is 
at AA . The ship 
is then floated in to 
the doc^. When it 
is in place, the 
water is pumped 
B out of the cham¬ 
bers until the 
water-line as low 
as BB'. Workmen 
can then get access to al l parts of"^th~^ bottom of 
the ship . 

^ 147. Swimming —The human body is lighter on 
whole than an equal volume of water, the averge 
ratio being 0'934: 1. Hence it floats in we^er. The 
head of a"“mSti“ ts,”huwever, heavier than \vater and 
consequently it tends to sink causing thereby a difli- 
culty in breathing. Hence swimming is an art that 
-requires to be learnt, in which practice is to he acquired 
in keeping the head above the water surface by the 
muscular action. Air-Wadders or cork girdles, known 
as life-helts, are used by persons who are learning to 
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swim (Fig. 144), as then without any considerable- 
increase in weight, more water is displaced and an 



Fig.—14,4.—Swimming. 

increased buoyancy is secured. In quadrupeds, on 
the other hand, the posterior pai*ts of the body are 
heavier. Hence they feel no diflliculty in keeping 
their heads above the water and thus swim naturally. 
Several birds such as ducks, swans, etc., seem to 
swim almost on the water surface. Tliis is due 

I 

to the fact that the thick layers of light down 
covering the lower part of the body act as a hollow 
imp.cxYious coating, so that even with a very small 
immersion they are able to disi)lace water of weight 
equal to that of the whole body. 


Exercise XV 

1. state Archimedes’ Principle and explain how it will 
enable you to identify a given piece of pure metal. 

2. Describe a hydrostatic balance, and explain clearly the 
principle on which the working of the instrument is based. 

Given a body A which weighs 7‘56 gms. in air, fl'17 gnis* 
in water and 6*85 gms. in another liquid B ; calculate ffbm 
these data the density of the body A and that of the liquid B. 

[C. U.—1932: 

8. State Archimedes' Principle. Kow would you demons¬ 
trate its truth ? 
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A body weighs 62 grammes in vacuo and 42 grammes in 
water ; find its volume. [C. U.—1919 ; ’20] 

A. ]low would you show experimentally that the resultant 
vortical thrust on a .body immersed in a heavy liquid is equal 
t'i the weight of the liquid displaced ? 1C, U.—1924] 

5. Under what c mdition do bodies float or sink in a 
liquid ? 

A piece of iron weighing 272 gms. floats in mcrcuiy of 
density 1;V6, with ^^ths of its volume immersed. Determine 
the volume and densitv of the iron. fC. U,—19S0' 

G. Explain why an iron ship floats on water. 

A hollow spherical ball has an internal diameter of 10 cm. 
and an external diameter of 12 em. It is found just to float 
in water. Find the density of the material of the ball. (The 
volume of a sphere varu's as the cube of the diameter). 

[C. U.—1928, 

7. If you were given a piece of wood cut in the form of a. 

cube, how would you very roughly determine its specific 
gravity without using a balance ? [0, U.—1911 ; ’23i 

8. A cubical block of wood of sp. gr. 0‘7 floats in water, 

just completely immersed, when a body of unknown weight i.s 
placed on it. Find the weight of this body, if the volume of 
the block of wood is 100 c e [C. U.—1918] 

9. How would you find the ‘•pecific gravity and the volume 
of a given solid ? 

If the sp. gr. of a metal is 19, what will be the weight in 
water of 20 c.c. of the substance ? [C. U.—1917 i 

10. A lump of metal is known to consist of silver and gold. 

The lump weighs 20 gins, in air and 18‘7 gms. in water. How 
much gold is there in the lump? (Sp. gr. of gold = 19’8 ; of 
silver = 10‘5). fU. U.— 1980] 

11. Describe the Oartesian diver and explain how it acts. 

Do you know of any modern appliance which is based on 
this principle ? 

A solid body floating in water has one-sixth of its volum» 
above the surface,What fraction of its volume will project if 
it floats in a liquid of specific gravity 1‘2 ? [C. U. 1938] 

12. A cylinder of wood (sp. gr. 0*25) has another cylinder 

B—19 
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of metal (sp. gr. 8 0) attached to one cud. The cylinders are 
2 in. in diameter, they have the same axis, and are respectively 
20 in. and 1 in. I mg. If the whole is placed in water, hnd how 
much o' it will be above the surface. [C. U.—19 UjJ 

iV. B .—Examples 7-12 should be worked out after going 
through the next chapter. 



CHAPTER XVIir 

SPECIFIC GRAVITY. 


148. Specific Gravity .—In art. 1J5 we stated 
"that the heaviness of a substance is indicated hy its 
density, i.e., the mass per unit volume. Tliere is 
another quantity whicli expresses the relative heavi¬ 
ness of different substances more clearly. This is 
the specific gravity of the substance whicli is defined 
as the ratio of the weight of a certmn vohime of the 
substance to that of an equal volume of some standard 
substance. 

Thus if W = weight of a given substance 

W' = weight of an equal volume of a 
standard substance 
S = sp. gr. of the substance 

Then S = 1]^, ... ... (87) 

\v 

When determining the specific gravity of solids 
and liquids, the standard substance usually taken is 
distilled water at a temperature of 4°C. Water is 
suitable for this purpose, for it can be readily obtain¬ 
ed everywhere in a pure condition. As, however, 
the density of water varies with its temperature, a 
constant temperature such as 4 C is adopted, for it is 
found that water at this temperature has its greatest 
density. 

But the variation of density of water due to a 
change of temperature is very small, so that for all 
ordinary purposes where great accuracy is not requir- 
-ed, it may be assumed that the weight of 1 c.c. of wa¬ 
ter is 1 gm. and that of 1 cu. ft. of water is 62‘5 lbs. 
-at any temperature. 
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Since gases are very light compared to water, the- 
values of specific gravity of gases would be small 
fractions, if water is taken as the standard subs¬ 
tance. « 


To avoid this, it is usual to adopt hydrogen at a 
standard temperature and pressure as the standard 
substance. The density of hydrogen at 0 C and 760 mm. 
of pressure is 0*0000896 gm. per c.c. 

It is to be noted that the specific gravity of a body 
being a ratio of two weights, is a pure nnmher, and 
does not depend on the ujiits in which the weights 
are expressed, so long, as the same unit is used for 
the two. It merely exi)resses how much a body 
weighs as compared with wniter. Thus when it 
is said that the specific gravity of gold is 19, it is 
meant that, volume for volume, gold is 19 times as 
heavy as water. 

The specific gravity may also he defined in othei’ 
forms. Since the weight of a body is proportional to 
its mass, we may w^rite 

g ^ W _ ^ 

W' U'v M' 

Where M is the mass of the body and M' the 
mass of an equal volume of water at 4 C. 

Again, if V is the volume of the substance, we 
have 



M/V ^ p 
M7V p" 


(89) 


Where p and p' are the densities of the substance- 
and of 'water at 4°C respectively. 


Since specific gravity is the ratio of twq quanti* 
ties of identical dimensions, it is a pure number 
having no dimensions. But density, being defined 
as the mass per unit volume, has the dimension^. 
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^M][L]“'^ In the O.G.S. syestem, the average density 
of water is 1 gm. per c.c. Hence it is evident from 
eqn.(89) that the specific gravity of a substance is 
numerically equal k) its density expressed in the 
C. system of units. 

f ' 

; 149. Measurement of Sp. Gr. —The specific 
gravity of a body is generally determined by the 
following methods which require the use of 

(a) THE HYDROSTATIC BALANCE. 

• "(b) HYDROMETERS. 

(c) THE SPECIFIC GRAVITY BOTTI.E. 

(d) THE BALANCING LIQUID COLUMNS. 

To measure the specific gravity of a substance we 
are mainly concerned with the determination of two 
weights,—the weight of the body and the weight of 
an equal volume of water. Now the weight of a body 
as determined by a balance in the air is not its true 
weight, for the body weighed as well as the counter- 
^)oibe used in weighing will, according to Ai'chimedes’ 
Princi])le, be buoyed up in the air and will each 
suffer an apparent loss of weight equal to the weight 
of the air displaced. The loss in weight of the body 
will not evidently be, in general, equal to that of the 
counterpoise. But the effect arising from the differ¬ 
ence is very small and is hence negligible. So in the 
expression for the specific gravity of a body we shall 
take the weight of the body in air in place of its true 
weight in vacuum. 

It is to be noted also that in the following articles 
the expressions arrived at for the si)ecific gravity of 
a body give the sp. gr. of the substance, relative to 
water at the temperature at the time of the experi¬ 
ment. Had the temperature of the water been 4'C, 
the true sp. gr. of the substance at 4“C would be given 
by S, as determined by the experiment. If, however, 



294 


GENERAL PHYSICS 


[XVIII- 


the water is at any temperature t C and if the density 
of the watei’ at t O is,r times that of water at 4 0, it 
follows that the suhstanco which is S times as dense 
as water at ^ C, is times as dcfnse as water at 4 0. 

The water which ^ used for the puri)ose of the 
tletermination of specific gravity sliould be puie 
distilled, water free from air. 

150. Determination of the Sp. Gr. of a Solid 

(1)" ‘ DfHE(^T Method 

Expt. 34, Weigh the solid by a balanoo and Ic-t its 
weight be W gins. 



FIG. 145 

.Hydrostatic balance 


Colh’ct a quantity of water 
equal to the volume of the stolid 
by the method of displaccnniit 
of water (ste art 20). Find the 
weight of the water thus dis^ 
placed. Let it be If". 

Then the sp. gr. req^uired 
[171C' 

(2) With the Hydros¬ 
tatic Balance. 

The description of the 
hydrostatic balance hasf 
already been given in art. 

146. 

(a) The solid sinks in 
water and is msolnble 
in it. 

Expt. 35. ’“Let W bo 

the weight of the body in air 
taken in the usual way. Suspend 
the body by a fine wire from 
the hook of one side of the beam: 


and let it be fofrtZ///immersed in a vessel of water. Let W' be 
the ap^rent weight of the body in water (Fig. 145). 

Then W — Wt 

— the upward thrust of the water on the body. 

= wt, of the water displaced, (by Archimedes' Principle) 

= wt. of an cqu$l volume of water. 

Sp. gr. = *... ... ... (90r 
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This gives, as is remarked before, the specific 
gravity of tlie solid relative to watei* at the room 
temperature ajid is subject to correction foi‘ this. 

{h) Bofhj imohihlc. in iraier hut is less (hvse 
than it. 

Til such a case, the body must he attaclied to 
another body, called a StXKJ’l]}, of such a kind that 
the two togethei’ would sink in watei'. Tliis compli¬ 
cates the method slightly. 

Expt. 36. Find the* of solid in :iir. Ij(t it be W. ^ 

Woigh the sinker alone in water. T.et this weight be IP,. 

Next weigh in w'litcr tho combination of the koM and the 
fiinkor fastened together. Lot this w^eight he TP... ^ 

Now suppose lP;j IS the weight of the sinker in air. This 
weight need not be found in practice. Then 

Wt. of water displaced by sinker ly'., _ yy^^ 

\Vt. of water di*-placed by combination — yj"^. ^ 

Wt. of water displaced by the solid alone 

= (Tr+TT:,-TT^.)-(TF,--TFi) 

= TF-TFn + lF, 


Sp. Gr. 


w^t. of body 

w"t. of equal vol. of w'ater 


W - Wfc + 




(91) 


We may obtain the exjiression for the w-eight of 
the water displaced by the solid from another point 
of view :—When the combination is immersed in 
water, the uyiwa^jfl thrust of water displaced by the 
solid alone does not only balance W, the weight of 
the solid, but is greater than that, the excess causing 
a diminution in Wi, the 'weight of the sinker in 
w'ater, of magnitude Wi^Wz. In the absence of 
the sinker the body would have been floated up. ^ 
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Hence the buoyancy on the solid in water 


-ir+dKi -TKs) 


and the sp. 


= TF-TK, + 7r, 
TV" 

"" W - TF + IF. 


{c) Solid soluble in water. 

If the solid be soluble in water, some other liquid 
must be chosen, iii which the solid is insoluble. 
Let S be the s])ecilic ^:;ruvity of the solid relative to 
this liquid, determined in the same general way 
as mentioned above. If S' denotes the density of 
the liquid relative to the water at 4 C , then SS' is the 
required specific gravity of the sofi^ Z' 

(3) With Nicholson’s IIyhrometek. 

Hydrometer. A hydrometer is an instrument 
which IS desigried to float vertically in any liquid 
.tind constructed to determine mainly the sp. gr. of 
liquids. There are various forms of tiie hydrometer ; 
hut they can all be put in either of twn) classes. In 
the type of the hydrometer known as the V^artahle 
htmiersion Tlydrometer, the specilic gravity of a 
liquid is determined by the depth to wdiich the hy¬ 
drometer sinks when floating in the licjuid ; in the 
type known us the Constant Tmmcrsion Hydro¬ 
meter, the hydrometer is always immersed to the 
same depth in the liquid but carries different 
weights. 

Nicholson's ,,Hydrometer— This is a constant- 
immers^ion hydrom^er and is the only one in com¬ 
mon use. It is also used to find the sp. gr. of a 
solid. It consistffof a hollow body to which is atta¬ 
ched a thin stem C, supporting a small pan B above, 
on which weights can he placed. Below^ the body 
hangs a second pap D. TJ)is is loaded with mercury 
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or lead, so that the instrument may float vertically in 
a liquid. On the stem there is 
a mark to which the instru¬ 
ment is made 1*0 sink in 
the liquid in which it is 
floating. Thus whatever be 
the liquid the volume dis- 
})laced is always the same. 

To determine the sp. gr. 
of a solid substance by 
Nicholson’s Hydrometer, pro¬ 
ceed as follows : 

Expt. 37. Float tho hydro- 

inotcv in water in a tall and wide 
jar (Fig. 146). Pla^ weights on 
the upper pan to sink the hydro¬ 
meter to the index mark on 
the stem 0 Ijet be this 

weight. Eeplace the weights in the 
weight-hoc and place on the 
pan the piece of solid of which the specific gravity is to bo 
determined. The solid must not be so heavy as to sink the 
instrument to the index mark or lower. Now place weights on 
the upper pm to sink the instrument to the index mark. Let 
thi.s weight be W.>. 

.'. The weight of the solid = Wi -W.^. 

The solid is next placed on the lower pan within the water 
where it displaces its own volume of water. Ah the solid is now 
acted on by the buoyancy of the liquid displaced, the hydro¬ 
meter rises a little. Place additional weights on the upper pan 
until it again sinks to the mark. Let Wa be the total weight on 
the pan. 

The weight of water displaced by the solid when placed 
in the lower pan = W;j - Wo. 

Hence sp.gr. of the solid = ... (92) 

- Wb ~ Wj 

It is to be noted that this method is not so 
accurate as the other methods are, which 
involve the operation of weighing by means of a 
lialance. 



Fig. 146 

Nicholson’s Hydro¬ 
meter 
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(4) With the Sp. Gr. Bottle. 

Specific Gravity Bottle, —Tliis is a bottle capable 
of holding a known volume of a liquid. Two forms 


of bottle are shown in fig. 
fitted with a ground glass 



(i (li) 

Pig. U7 

Specific Gravity Bottles 


this mark. 


147. In {i\ it is a small flask 
stopper made from a short 
length of a thick-walled 
tubing of a vei y fine bore. 
The bottle is filled to tlie 
top of the neck with any 
liquid and the stopi^er is 
then imshed borne so as 
to cause the sur])]us liquid 
to escape by the bole in 
the stopper leaving the 
bottle completely filled. In 
(ii) the bottle has a narrow 
neck which is open and 
has a fine mark on it. 
When in use, the bottle is 
always filled exactly up to 


The specific gravity bottle is used to find the 
specific gravity of a liquid ; it is also u.sed for find¬ 
ing the specific gravity of a solid in the form of 
powder or in small fragments that can be inserted 
into the bottle, e.g.^ shorts, sand, insoluble pow'ders, 
metal filings, etc. 

Expt. 38. Weigh the solid ; lot the weight be W. Fill 
the bottle with water and place it with the solid on the same 
pan of a balance : let the combined weight be Wj. Now place 
the solid imide the bottle and fill it up with water, taking care 
that no .air-bubble sticks to the 8ide.s of the solid : weigh it. 
Let this weight be W o. Evidently, W« is less than W i, as the^ 
solid expels ^aiiOr of its own volume. 

.*. Weight of water displaced = Wi - W^ 


sp. gr. of solid 


W 

Wi-Wa 


(93) 


This result must, if necessary, be corrected for 


the temperature of water as^pxplained above. 
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151. Determination of the Sp. Gr. of a 
" Liquid- 

(1) With the Sp. (iic Bottle. 

Expt. 39. fho liottlc IS made throu^'hly cJcaii and dried 
by blowing bot air into it. Weigh it carefully when empty : 
let this weight bo W i. Fill it witli water and again weigh it. 
let W.j be this weight. Finally fill it with the given liquid 
and weigh it : let W.-j bo this Aveight. 

Then Wt, of liquid filling the bottle == Wa — Wi 

and Wt. of water do do = W-j — Wi 

Honce the s]). gr. of the liquid relative to water at the room 
temperature is given by 


Wv - w, 
\V2 - W, 



(2) With the Hydrostatic Balance. 


A body which sinks in and is insoluble in both 
the ffiven liquid and water, is to lie taken. According 
to Arcliimedes’ Principle the apj)arent loss of weight 
of a sinker in any liquid gives exactly the weight of 
the di&])laced liquid. Hence, if the mme sinker he 
weighed hi the given liquid and in water the aiiparent 
loss of its w'eight in the liquid gives the weight of 
the liquid of the same volume as of the sinker, 
and that in wuiter gives the weight of an exactly equal 
xolume of water. 

Lot the weight of sinker in air == W 
Do do in water — Wi 

Do do in the liquid = W 

Then the Wt. of a quantity of h(piid equal in 

volume to the sinker = W — W - 

and the weight of a quantity of water equal in 

volume to the sinker = W — W i 


Hence sp. gr. 


W - W., 
W-W, 


(95) 


(3) With the Hydeometbes. 

^ ^ J , |1 

TJie Constant Immersion Hydrometer :—A descrii)- 
tioii of the hydrometer has already been given in th& 
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previous article. Nicholson’s Hydrometer which 
belongs to the class of the Constant Immersion 
Htjdromeiers may he used to compare the siJecific 
gravities of two liquids. When the hydrometer floats 
in any liquid immersed exactly up to the index-mark 
on the stem, the weight of the instrument together 
with the weights on the pan is, by the principle of 
Archimedes, equal to the upward pressure, i.e., to the 
weight of the displaced liquid. 

Let W bo fb(' weight of the hydrometer. 

W I be th(‘ weight neoessury to sink it up to the 
index mark in the liquid. 

Wo be the weight required to sink it up to the 
mark in water. 

'I'hen the weight of liquid displaoed — W H- Wi 
;ind that of wati«v displaci'd -- W + Wo 

Hence 

s}i. gr. of the liquid ^ ^ (9(i) 

7V/C ViDHihle hnnw'sion Ihjdro- 
metey. - A common foim of a. hydro¬ 
meter of the variable immersion type 
IS sliownin lig. 148. It consists of 
a hollow glass stem ending below in 
a glass hull) weighted with mercury, 
so adjusted as to make the instrument 
float in a liquid with its stem vertical. 
The stem is a cylindrical tube and 
carries a })aper-.scale inside, the gra¬ 
duations of which are meant to give 
directly the specific gravity of liquids 
in which the instrument is immersed. 
This type of hydrometers is much in 
use for commercial purposes. 

It is evident that the instrument, 
wdien allowed to float in a liquid,. 

Hydrometer deeper, the less the 

«peeiflc,cavity of the liquid, since the weight of the 
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liquid displaced must always be equal to the weight 
of the instrument. The calculations which the 
markings on the scale ai‘e obtained are based on this 
fact ; in practice, however, the instrument-makers 
calibrate the scale by iminersiiig the instrument in 
liquids of known specific gravities. 

If the hydrometer sinks to the mark, say 1 in tlio 
stem, in water at 4 C, the marks for specific gravities 
of the liejuids denser lhan water will he below' the 
mark 1, and those for the lighter liquids above the 
mark 1. Hence a hydrometer to show tlie specific 
gravities of liquids of all densities would have to lie 
inconveniently long, Hydrometers are, therefore, 
usually made in .sets to be used seiiaratcly. for liquids 
lighter and heavier than water. In the former, the 
mark 1 (generally marked 1000 to avoid decimals) is 
pretty near the bottom of tlicstein and the gi aduation 
running up tlie stem decreases towards the top : in 
the latter, the mark 1, is near to the top of tlie stem 
and the graduation increases down the stem. 
The scale is usually adjusted to indicate a change of 
0 001 in the specific gravity of a liquid, and each tenth 
division is marked. Thus, if a hydrometer floats in 
a liquid immersed to a point marked 850 in the scale 
on the stem, the sjiecific gravity of the liquid is 
850/1000 or 0*85. The divisions on the scale are not 
equal, but decrease in length as the bottom of the 
stem is approached. 

TivaddeJVs Hydrometer, used in England and 
Beattnie's Hydrometer, used in the Continent are both 
of the variable immersion type and are graduated in 
arbitrary scales. Hydrometers aie often specially 
graduated for specific purposes, tlius an alcoholometer 
for determining the strengtli of alcoholic liquors, 
a nrinonieier ioY urine, a lactometer for milk, etc. 

(4) By the Liquid Column Method. 

The specific gravity of a liquid may be determined' 
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‘by^alaijcing a column of the liquid hydrostatically 

against a column of water, 
and then comparing the heights 
of tlie two balancing columns. 

The U-tiibe (in Fig. 132) 
may he "Used when two liquids 
of which the densities are to 
he compared, do not mix, e.f/., 
mercury and w'ater. It has 
already been shown in art. 
138 that w’hen two liquids 

are in equilibrium, their 

heights above their common 
surface vary inversely as their 
densities. 

h 9 

or , = 

k p 

In the case of twm miscible 
liquids such as water and 
alcohol, the same U-tuhe may he employed, but 
a third liquid such as mercury which does not mix 
with either and at the same time heavier than 
both, is to be used. Mercury is first put in the 
U-tube ; water is then poured into one limb and alcohol 
into the other, till the level of mercury is the same 
in both the limbs. The principle mentioned above 
is then to be applied. 



But a more convenient apparatus for comparing 
.the defisities of two liquids which will mix, is what 
is usually known as the HARE’S HypiRP MEyRR 
149). It 18 simply an inverted tf-tube dipping into 
two beakers each containing a liquid. At the top 
there is an opening to which is attached a short 
length of an India-rubber tubing provided with a clip 
and carrying a glass tube at the other end which is 
used to draw air out of the tubes. As the air is 
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partially sucked out from the tubes, the pressure of 
the air in the tubes decreases. Urged by the external 
atmospheric pressure on the liquid surfaces in the 
beakers outside the tul>es, the liquids are forced up 
into the tubes. The ratio of the heights of the liquid 
columns in the two limbs above the free surfaces of 
the liquids in the respective beakers gives the ratio 
of the densities of the two liquids. 

Let p aud p' be the densities of the two liquids in CD and 
AB respectively ; h and Ji the heights of the liquid columns, 
each measured from its level within the beaker, and P the 
pressure of air at the top of the U-tube. 

then Pressure at C — pressure at A 

= atmospheric pressure. 

gph + P = oP'h' +P 
Hence ph = P'Il 

Or ... (97) 

P h 



The method of comparing specific gravities by the j 
balancing liquid column method is not ordinarily an j 
accurate method. 1 


Exercise XYl 

N. B .—In working out Examples on specific gravity the 
established formula; should never be used. The successive steps 
in the argument must be worked out from the first principles. 

1. A Nicholson’s hydrometer weighs 200 gms. and 
requires 60 gms. in the upper pan to sink it to tba fixed mark 
in water ; what weight must be added to or subtracted from 
the weights in the upper pan to bring it to the fixed mark 
when it is placed in a liquid of specific gravity 1‘2 ? 

[C. U.—1911] 

2. A piece of metal weights 100 gms. in air and 88 gms. in 
water. What would it weigh in a liquid of sp. gi. 1*5 ? 

[0. U.—ldld] 
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‘ S. Describe a method of determining the sp. gr. of a liquid. 

A Nicholson’s hydrometer sinks to a certain mark in a 
liquid of sp. gr. 0 6 ; but it takes 120 gras, to sink it to the 
same mark in water. What is the weight of the hydrometer ^ 

[G. U.—19181 

4. A piece of glass weighs 8‘d gms, in air, 5'85 gms. in 
water, and 6'4 gms. in Alcuhol. Find the sp. gr. of Alcohol. 

[C. U.—1920] 


5. Define specifi'' gravity of a body. 

Describe in detail how the specific gravity of a block of 
alum can be actually determined. [C. U.—1921] 

6. The specific gravity of ice is 0 918 and that of .S(*a-water 

is 1’03 ; what is the total volume of an iceberg which floats 
with 700 cubic yards exposed ? [C. U.—1923] 

7. The apparent weight of a piece of platinum in water is 

60 grammes, and the absolute weight of another piece of plati¬ 
num twice as big as the former is 126 grammes. Determine 
the specific gravity of platinum. [G. U.—1924] 

8. How' do you find the .specific gnvity of a solid lighter 
than water. 

A piece of cork whose weight is 19 grammes is attached to a 
bar of silver weighing 63 grammes and the tw'o together just 
float in water. The specific gravity of silver is 10‘5, Find the 
specific gravity of cork. [C. U.—1925] 

9. The metal sodium is lighter than water. How would 
you measure its specific gravity ? 

A metal tube 104 cm. long, 4'1 cm. in external diameter, 
8'6 cm. in internal diameter, weighs 100 grams : of what metal 
would you judge it to consist and why ? [Pat. U.~1921] 

10. Find the specific gravity of a solid substance from the 
following data :—A flask, which when filled with water, weighs 
altogether 410 grammes, has 80 grammes of the solid introduced 
and being then filled \^th water weighs 470 grammes. 

[C. U.—1926j 

11. A mixture is made of 7 c.c. of a liquid of specifier 

gravity 1*85 and 6. c.c. of water. The specific gravity of the 
mixture fs found to be 1‘615. Determine the amount of 
contractibn. [0. U.—1927] 

12. ^Explain how you would determine the specific gravity 
of a solid by a speciRc gravity d>ottle. 
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60*3 gm. have to be placed on the pan of a hydrometer to 
sink it 'to the mark in water and 6*8 gm. only in Alcohol. If 
the hydrometer weighs 200 gms. what is the specific gravity of 
Alcohol ? [C. U.—1981 , 

13. Describe a Nicholson’s hydrometer, and explain how 

you would determine the specific gravity of a liquid with its 
help. • 

1 cc, of lead (sp. gr, 11*4) and 21 c.c. of wood (sp. gr. 0*;'5 
are fixed together. Show wbothov the combination will float 
or sink in water. [G. U.—]93;5_j 

14. A specific gravity bottle w'eighs 14*72 gms. wlien 

empty, 29*74 gms. when tilled with w’ater, and 44*85 gni". 
w'hen filled with a solution of common salt. What is the 
.specific gravity of the solution V |C. D.—19P4] 



CHAPTER XIX 


TVIOLF.CULAE MOTIONS AND FORCES 
IN LIQUIDS. 


152. Molecular Motions in Liquids— 

Lxi)erimeiits with liquids siunv that their constituent 
molecules must he moving continuously frorh~][)Tace to 
Dviclence of lliis'l!:^ found in the very familiar 


facts of cv(t,por(f,tton and also in the facts of (hffuHton 
and expa'ihainn of liquids. 


Further, to account foi- tiie ])henoinena. connectetl 
with cai)illarity and sniface tension (arts. 1 /j 4 and 
loo), it IS necessary to assume that' the molecules of 
a liquid are so close together that the”*^ell'cct of their 
nhiTual atlvaction must he taken into account. In 
s<Tri(Tsr^veliave seen that this mutual attiaction gives 
rise to rpliCHipn : ni gases, the avei’age distance 
hetw'een the neighbouring molecules is suj)])osed to be 
so gi-eat, that the effects of this mutual attraction may 
he- left out of account. 


Eimuqration. When a saucer full of w’ater is 
})laced in. an open s])ace. the w’ater is olisei-ved to 
■^liminish gradually by evaporation. The molecules of 
water pass continuously into the open space above 
until the dish is left dry. This phenomenon is difficult 
lo be explained, unless it he assumed that the 
raolecul'es in the liquid are in motion. During their 
motion the iKiuja molceules come into frequent 
<5ollisions with oiie other, due to which it is reasonable 
j to consider that ib a liquid at a constant temperature 
molecule ma^^ be moving with a greater velocity at 
lone tndment thaili at another. At any instant some 
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molecules are, therefore, inovirij^ more rapidly than 
the rest. Such molecules may, on account of their 
f^reat velocity, brealc away from the attracti(m of their 
neif^hhours and escape into the space above. 

If it be correct to suppose that the /lecU contained 
in a body is a measure of the kinetic enevf^y of its 
cdhstTtuent molecules, it must follow that an 
increase in temperature means an increase of the 
velocities of the molecules. The comprments of the 
velocities perpendicular to the liquid surface thus 
iticrease correspondiuf'ly so that the chance of escape 
of a molecule which may liappen to be moving 
at any instant towaids the liquid surface also in¬ 
creases ; in other words, evaporation ought to take 
place more rajudly at higher tem]ieratures than ' iit 
lower ones. This is, of coui'se, known to he true 
from our daily observutions. 

if cvajioration takes ])]ac*e in n rIoM'd sjmee, home 
of the molecules of the vapour, after wandering about 
for a time, will strike against the surface of the 
licjuid, and again laiss into it. Other molecules will, 
however, be escaping, and it is edear that after a 
certain time a state of eciuilibiium will be reached, 
in wliich as many molecules return to the liijnid in 
a second as leave it in that time. The vapour is then 
said to he in a .sa/z/m^cd condition. 

]i].r})ans'ion .—The same supposition explains the 
fact of expansion of liquids too. If lieat be applied 
to a liquid contained in a biillfjirovided with a stem, 
the level of the liquid in the stem is observed to rise. 
This is a further evidence of the fact that the velocity 
• of motion of the molecules of a li(pud increases with 
an increase of the temperature of the liquid. 

Diffusion. —Again, in the phenomenon known as 
diffusion of liquids, one liquid spreads into another 
by molecular motion without the aid of external 
forces. If a concentrated solntion of copper sulphate 
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be ])laced in a beaker and water be very gently poured' 
on it down tlie sides of the beaker, the two liquids 
w'ill form two separate layers, the horizontal surface 
of separation between them being quite sharp and 
distinct. After sometime, however, it will be found 
that though the liquids are undisturbed, the blue- 
colour extends upwards indicating that some mole¬ 
cules of the dissolved salt pass upwards ; on the 
other hand, the deep blue colour of the concentrated 
solution becojnes fainter and fainter as it is diluted by 
the molecules of water passing downwards into the- 
solution. 

0.smo.s?.v.—Furtliej-, the supi)osition does well 
explain the Osmotic ])henomenoii in which two- 
liquids which will mix, diffuse into each other even 
when they are separated by a membrane or a porous- 
diaphragm. 

Expt. 4i. Fill a sheep’s hLidder with a strong brine 
solution. Tie it tightly and tlien leaNo it in pure water. It 
will be found after sometime that the })laddor is gradually ex¬ 
tended to the bursting point ; also the liquid outside the bladder 
has a salty taste. ' 

It thus appears that the molecules of both the 
liquids pass througli the diaphragm in opposite 
directions hnt with unequal velocities, the lighter 
liquid, ‘vi'., tlie water jiassing in more rapidly than 
the salt passing out. Accordingly there is an accu¬ 
mulation of water and hence an increase of pressure 
inside the bladder. 

153. Molecular Forces in Liquids. —It has 

already been mentioned that the mutual attraction 
of molecules within bodies is powerful only wdien 
the molecules are not separated by sensible distances. 
In liquids, the molecular forces are very small com¬ 
pared* to* those in solids, but they are not negligible. 

Expt. 41. Support a smooth glass plate horizontally 
from one arm cf a common balance and counterpoise it, Theit 
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let the lower surface of the plate come in contact with the clean 
surface of v\ater contained in a vessel. Now try to detach the 

• plate from the water surface. The 
force required for this purpose will he 
found to be rather (Considerable ; the 
weights necessary to put on th(^ other 
pan to detach the plate wjll show 
this. 

Since a thin layer of water 
is found touching the glass plate, 
it is evident that the force 
applied to pull the plate ii]) 
has been spent in separatijig 
a thin layer of water away from 



Fig. 150 


^Measurement of the rest of the water, and hence 
cohesion of water jt, a measure of the cohesion 

in water. Secondly, the force of 
adhesion between the glass and the water is greater 
than ,the force of cohesion in water. 


In the case of mercury, the glass will not be 
found to be wet, showing that the cohesion in 
mercury is greater than the adhesion between glass 
and mercury. 

154, Surface Tension. —Since every molecule 
•of a liquid is pulling every other molecule, a molecule 
such as A (Fig. 151 ), situated well within the mass 
of a liquid, will be attracted by the neighbouring 
molecules equally in all directions ; whereas any 
molecule such as B, situated near to the surface or on 
it, is attracted by a resultant force directed towards 
the inside of the liquid mass and perpendicular to 
the surface. Due to this, the surface molecules of the 
liquid have a tendency to move towards the interior 
•of the mass so that the latter may have the 
smallest possible surface compatible with its volume. 
Owing to this tendency of the surface to contract, 
-any given quantity of a liquid behaves as if it were 
surrounded by a thin elastic membrane which 
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is stretched by a definite force characteristic of the 
liquid. This fojce is called the surface teiisiojj of the 
liquid. 

Tt follows that any mass of liquid w’ould assume a 
.spherical form, ns thq sidiere is the geometrical figure 
which has the smallest ai'ea for a given volume, 
provided that we relieve the mass from the action of 
gravity and other outside forces which, in ordinary 
cases, mask tlie iiresence of the cohesive forces. 



Fig. l.'il Fig. 15-2 

Forces acting on a molecule ol'obule of oil freed 

A—inside the liquid fiom the action 

H—near the surface of gravity. 

Expt. 42. Prepare a mixture of alcohol and water such 
that it has the same density as that of olive oil. Insert a 
large drop of the oil beneath the liquid surface by means of a 
pipette. The oil will bo seen to float as a perfect sphere within 
the liquid mass (Fig. 150). 

When the oil floats inside a liquid of the same 
density as its own the force of gravity has no- influence 
on it, and the drop owing to the cohesion drawls itself 
up into a spherical form. 

Again, in small masses of liquids, the force of 
gravity is negligibly small compared to the cohesive ^ 
forces ; and in sucti cases the special form of the mass 
is frequently apparent. Thus very small globules of 
mercury splattering on a table, rain-drops, dew-drops, 
etc., have more oS* less spherical forms. 
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That the thin Kurfiice-layer of a liquid acts as a 
stretched iiierahrane under a uniform tension in 
all directions, iniiy also he understood from tlie 
followin^i experiment. 

Expt. 43. ]jet n sewing-needle be slightly greased and 
be placed very carel^iHy on the surface of water in a dish. 
Though it is nearly eight times as dense as water, it will be 
found to float. If the needle be previously magnetiised, it ean 
be made to move about by moans of a magnet held near to it. 



Fig. Wi\ Fig. 154 

A needle An insect walking 

floating on watei on water 

Observe the surface in tin* neighbourhood of th"* needle ; it 
shows a slight depression as seen in fig. 151. 

The floatinj^ of the needle in Expt. 43 seems to bo 
a contradiction of the conditioji of flotation as deduced 
from the law of Archimedes (art. 144). But the 
explanation is quite clear, the depressed portioji of the 
liquid surface has a tendency to straighten out into a 
flat surface ; the weight of the needle is supported by 
the vertical components of the surface tension round 
the edge of the depression. Had the water wetted 
the needle, as it would have done in the absence of 
any grease round it, water would have risen about the- 
needle : the tendency of the liquid surface to flatten 
out would then have pulled it down. 

The abve experiment explains the phenomena of 
some insects walking on the surface of water without 
sinking (Fig. 152). 

The fact that the surface of a liquid behaves as 
if it is subjected to a tension is further illustrated by 
the behaviour of liquid films. 

Expt. 44, Take a bent wire ABC (fig. 155), Allow a 
thin straighi; wire »impl} to rest against this, (lot a seap film 
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<?nclosocl in the portion DBE. It will be found necessary to 
■exert a small force (P) to prevent 1)E from being drawn up due 
to the contractility of the soap film. , 

Expt. 45. Dip a flat wire ring in a soap solution and 
withdraw it. A thin film of the solution will be found stretched 
across it. Moisten a small loop of thread with the solution 
and place it gently on the film. It is seen to retain any irre¬ 
gular form that may bo given to it (fig. lAG). Xow break the 
him within the loop ; the loop immodiately takes up the cir- 
4?ular form (fiig. 157). 



To illustrate the eontraetihty of a soap tilm 


The tendency to contract of the lilni outside the 
loop, is now no longer balanced, as the outer film 
ha.s vanished. Since the film outside tend.s to assume 
tlie smallest possible surface, the area inside the loop 
becomes as large as iiossible, and the circle is the 
figure which has the largest possible area for a given 
perimeter. 

155. Capillarity .— It was stated in art. 136 
that in general, a liquid stands at the same level in 
any number of communicating vessels. This rule 
is, hqwever, Bubject to exceptions in the case of tubes 
'of small diameter (or capillary tubes, as they are 
called * from capitlm, a hair) and in the neighbour¬ 
hood of the sides of the vessel in which the liquids 
are contained. 

46. Dip glass tubes of different bores in water. 
As^,|^^r^te^ wets glass, the surface of the water*rtjund the line of 
itfi^^ntaat with glass;' inside t^e tube, outside the tube and 
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round the inner surface of the containing vessel is not horizon¬ 
tal but js concave upward (fig. 158). It is to be noted also 
that the water rises^ higher in the tubes than in the vessel . 
and the finer the bore, the greater is the height to which it 
rises. 

Now replace the water by mercury. The effects are found 
to be just opposite. Mercury does not wet glass and its surface 
round the line of contact with glass is found to be convex up¬ 
ward. Further, mercury is depressed in all the tubes, the 
depression being greater in proportion as the bore of the tube 
is smaller (fig. 169). To see this, bring the tube close to tin* 
side 01 the glass vessel containing mercury. The depres.sion is 
more easily observed with a U-tube. 

Measurement of the diameter of the hore of eacfi 
tube and of the capillary elevation or depression in 
it shows that the latter is inversely i)roportional to 
tlie former. 



Fig. 158 Fig. 159 

Capillary ele\ation and deprosrion of liquids 

The phenomena described in the above expcii- 
inents are examples of what is knowm as capillarity. 
Such experiments have established the following* 
laws of capillarity : 

1, When a capillaru tube is placed in a liquid, 
the liquid ts raised or depressed according as it doen 
or does not moisten the tube. 

The elevation in one case, and the depression 
■in the other, are inversely poportio7ial to the diameters 
■of the tube. 
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j r3. The height varies with the nature of the Jiqnvl 
f^and decreases as the temperature rises. 

We now proceed to f;ive an explanation of the 
effects observed above :— 

Suppose tlie liorizontal surface of water meets 
the glass side at O (Fig. 160). tjet us consider a 
small portion of the li(iuid surface at O. As water 
wets glass, the force of adhesion between glass and 
water will pull the liquid particles at O in the direc¬ 
tion OG : again, the resultant of the cohesive forces 
within the li(]uid will pull the same i)articles in the 
direction OL. As the former force greatly exceeds 
the latte]', the I'esultant of OG and OIj will be some 
force OK which lies to the left of the vertical OT. 
Now since a liquid surface always sets itself 
at right angles to the resultant force acting on 
it (art. 1‘22), the water surface at O must rise up 
against the wall, and present a concave surface upward. 
Further, we have already seen that in small masses 
of liquids, the force of cohesion preponderates over 
the force of gravity on it. 




Fi^. 160 Fig. 161 

Aficension and depression of a liquid 
surface near a wall 

Conversely, if the cohesive force OK is stronger 
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thaii the adhesive force OG. as is the cf^se wlieii 
mercury comes in contact witli glass, the resultant 
OR (Fig. 161), will fall to the right of the vertical 
through 0, in wdiich case the liquid must he depressed 
at 0 and present a convex surface about O. 

The above facts combined w ith the fact that the 
exposed surface of a liquid ahvays tends to reduce its 
area explains the ascension and de])ression of liquids 
in capillary tubes. In lig. 158 the curved surface of 
water inside the tube tends to become flat due to 
surface tension. But as soon as it begins to be flat, 
the forces of adhesion again elevate it at the edges 
It is thus evident that the water must continue to 
rise within the tube, until the tendency of the surface 
to move up is balanced by the w'eight of the column 
of water thus raised. We liave then the u]>w'ard 
pull due to tlie surface tension along the line of 
contact — w'eight of tlie raised liquid column acting 
downward. 

If r is the radius of the bore of the tube and the 
surface tension is T dynes j)er cm. along the line of 
contact, the force due to surface tension wdiich acts 
vertically upwards is 2‘^7 T. 

And the weight of the li(iuid column of elevation 
]i above the free surface of the liiiuid outside the- 
tube is ^7’"hp(j 



In the case of water, p = 1 

T--= ... (98) 

2 

Now if the diameter of one tube he half of that 
of another, the total upw'ard force due to the surface- 
tension is reduced to one-half, since the circumference 
{2^r) of the liquid surface is reduced by one-half. But 
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the weight of the liquid column of the same height 
as that in the wider tube, is only ojie-fourth of the 
latter since the volume of the liquid varies as the 
square of the radius. Hence, for the equilibrium of 
the liquid column in the narrower tube, the height of 
the liquid column must he twice that obtained in 
the wider tube. 

In the case of mercury, it must fall owing to 
the tendency of the convex surface of the liquid in the 
capillary tube to straighten out. The fall continues 
until this tendency is balanced l)y the hydrostatic 
pressure at O. 

Instances of capillartty are vei’y common and play 
rather an important part in our eveiyday life. The rise 
^)f oil in wicks of oil-lamps, of melted tallow in the 
wicks of a candle, the flow of blood thi'ough the 
capillary tubes within the body, the rise of sap in 
plants, the retention of water iri a. piece of si)onge, 
the rise of ink in the narrow slit of a pen, the 
soaking u]) of ink liy the blotting pajier, the rajiiid 
•absorption of water by a dry brick ])artially immersed 
in it are excellent illustrations of capillarity. 

Exercise XVII 

1 What d(i vcni lucan bv “surface tension” ? Describe a 
phinonienoii which exhibits the surface tension of a liquid. 

•J. Kxplain the temi’"‘capillarity.” 

0. If a capillary tube is immersed in a liquid, the liquid 
inside the tube rises above or is depressed below the outer sur¬ 
face of the liquid according as it does or does not moisten tha 
lube. T’.xpiaiij why ? 



CHAPTER XX 

I 

PBOPERTIES OP GASES ; THE ATMOSPHERE 


156. Case* .—It has already been stated tliat 
gaseous substances jiossess a number of propertie.s 
ill common with liquids and botti are therefoi-e 
commonly classed as fluids. Oases like liquids, 
transmit pressures equally and in all directions 
according to Pascal’s Law ; like them, they possess 
elasticity of volume only and not elasticity of shape. 
They ditt'er essentially from the liquids in that they 
are very much lighter and are very compressible and 
capable of indefinite expansion (art. 121). 

The volume of a given solid or of a given mass 
of liquid is a characteristic property of the solid or 
the liquid considered. But a given mass of gas can 
have any volume whatsoever, this latter only 
de})ending on the vessel which contains it, for tlie 
chief charcteristic of a gas is that it completely 
fills the space to which it has access. 

The change of volume of a solid or a given mass 
of liquid for a given change of pressure or tempei’a- 
ture is quite negligible in comparison with the change 
in volume thk-t a given quantity of gas undergoes 
under the same change of conditions. 

157. Weight of Gases .—Gases are very much 
lighter than solids or liquids. In fact, the mass 
of a given volume of any gas is so small in compari* 
son with an equal volume of any known solid or 
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]i(juid tliat its weight is not sensilde to us under 
ordinary circumstances. The fact that air, wliich 

f 

is the type of gas most con)mon]y known to us, has 
weight was first proved by Otto Yon Guehicke, 
the inventor of the air-jminp in 1650, and may be 
shown as follows : 

Expt. 47. A thill glass globe, four or five inches in 
dianicttr is provided with a stop-coc,k and a nozi^lc by which it 
can he connected to an air-pnnip (fig. 162). l^lxhaust tho glolw 
as far as possible and detennine its weight by means of a 
delicate balance. Now admit air by opening the htop-cock and 
again weigh the globe. 1’ho weight m the second case will be 
found to be greater and tho increase in weight is due to the air 
adniitt( d. 

The above fact may also he proved by the follo¬ 
wing experiment in which the nse of an air-pnm]) is 
not requii’ed. 

Expt. 48. I’ake a fairly large, glass flask and close it 
tight with an India-rubber stopper, through which passt s a short 



Fig. 1G2 Fig. ICO 

To demonstrate that the air has weight 

s 

tube carrying a lubl^r tube and a pinch-cock (fig. 168). Put 
A little water in the, flask, open the pinch-cock and boil the 
As steam coijiies out, sweeps out the greater part of 
the air in the flask.; After sane time close the pinch-cock 
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'quickly and remove the tlask to a side to lit it cool. Determine 
the weight of the flask when it is cool. 

Now open the clip : the air will bo heard to ruhh in with u 
hissing sound. Re-weigh the flask carefully. The iuerea.se of 
weight in the second case is due to the air that has entered the 
flask. 

Pleasure the water in the flask by means of a graduated 
cylinder • fill the flask with water up to the position occupied 
by the bottom ot the stopper, and measure its volume. The 
diflcrcma* of thrse volumes gives approximately the volume of 
the air which entered the flask. 

From tlie latter pai-t of Exiit. 48 tlie weij^lit of a 
litre of iiir at the temperature and jiressure at the 
time of the experiment may he roug;hly found. 
IJndej’ standai'd conditions when the ternpei'ature 
IS 0 C atid the pi’essure is due lo a head of 7() 
ems. of meveurv, a litre of dry air weighs 1*293 gins. 
Thus under these circumstances the density of air 
IS ‘001293 gm. }>er c c. 

158. Pressure of the Atmosphere. 11 1ms 

already been stated that the atmosphere en¬ 
circles the cailli as a s])he)‘ical layer of air which 
extends, as an ap[)reciahle atmos])here, u]) to very 
gieat heights above the surface of the earth. The 
surface of the ('arth and bodies thoi'oon ai'e subjected 
to the pressure produced liy the weight of the 
overlying air. This pressure in the air is called the 
atmospheric pressure. It is subiect to the fundamental 
laws of fluid pi-essure given m chapter XV. 

The pressure in the air at any level being due to 
the weight of the air above, this pressure must 
evidently be the greatest at the surface of the earth, 
and must decrease as w^e ascend higher in the atmos¬ 
phere ; it has the same value for all points in the 
same horizontal layer, provided that the air is in a 
state of equilibrium. 

As a gas is easily compressible under pressure 
the density of the air too is the greatest at the surface 



320 


GENERAL PHYSICS 


[XX- 


of the earth, and decreases as the height above the* 
surface increases. Whenever there is an inequality 
of density at a given level due to local conditions, 
wind must ensue. 

Living as we do at the bottom of a deep sea of 
the air, we are not sensible of the pressure existing 
in the air around us, because it acts with an equal 
value in all directions. In order to make the atinos- 
l)heric pressure manifest its effects, it must be made 
to act upon bodies from one side only. 

Expt. 49. Stretch an India- 
rubber membrane air-tight over oup 
end of an open receiver. (Irease 
the other end, and press it on the 
plate of an air-pump. As the rubber 
remains flat, the pressure is evi¬ 
dently the same on both sides of 
it. Exhaust the air from inside the 
vessel. The membrane is depressed 
more and more until it finally 
bui'sts under the pressure of the 
above (fig. 164) : a loud report is 
caused b\ tbe' sudden entrance ot 
the air. 

The exiieriment may be 
performed by placing tbe plain of one band closely 
over tbe mouth of the open receivei. On wmrking 
the punqi, the weight of the air will be felt at 
once. As tbe exhaustion is carried far, it becomes 
dilhcult to lift up the hand. Further, the jiressure of 
the air in the tissues of the iialm is no more counter¬ 
balanced by that of the air inside the receiver ; 
hence the palm of the hand sw'ells giving a painful 
sensation. 

Put a small quantity of water into a can of 
thin tip sheet and boil the water briskly for some time .so that 
the air in'the can is expelled by the steam. close the can 

witli, a good well-fitting cork while tho boiling is still going on. 
Cool the can in a sink by pouring water upon it. The cAn 
corpses. 



Fig. 164 

Crushing force of 
tho atmosphere 
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As the can cools, the steam inside it oondenses and a partial 
vacuum is produced inside the can. The walls of the can bieing 
nob strong enough to withstand the great excess of external 
atmospheric pressure are crushed inwards (fig. 165), 

Expt. 51. Fill i glass tumbler completely with water. 
Cover its mouth with a sheet of thick paper. Keeping the paper 
in position with one hand, invert the tumbler with the other. 
On withdrawing the hand which held the paper, the water will 
be found not to fall, both water and paper being kept in position 
by the superior pressure of the atmosphere acting in an upward 
direction (fig. 166). The object of the paper is to present a flat 
surface of water, as otherwise the mass of water would divider 
allowing the air to enter. 



Fig. 165 



Expt. 52. Take a bottle with a very narrow nock. Fill 
it with water and invert it. Not a drop will be split out. 

The surface-tension of the drop of water at tho 
mouth of the bottle plays the part of the sheet of 
paper in Expt. 51, in other words, it prevents the 
breaking up of the liquid. 

Fig. X67 represents a tin-can with a perforated 
bottom. Its neck is fitted with a cork through 
which runs a hole. Fill the can with water. Sck 
long as the holei in the cork is closed with a finger., 
water will not^ come out. Water flows out onl^r 
when communication with the outside air is allowed 
by opening the hole in the neck. 

Fig. 168 fepresente a toy, called a Magio Bottle^ 
B—21 
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It is an opaque bottle of sheet iron or guttapercha, 
containing within it five small vials. Each vial, at 
its upper part, has a tube which passes up the neck 
of the bottle ; and at its lower end'it has s,nother tube 
terminating in a small hole on the side of the bottle. 
The five vials are filled with five different liquids. 
The operator closes the holes by the five fingers of 
his hand, and pours out at pleasure any liquid out of 
the bottle by cleverly 



PIG. 167 FIG. 168 

A perforated tin-can A magic bottle 

The effect of the pressure due to the atmosphere 
was demonstrated by Otto Von Guericke by means of 
two hollow metal hemispheres. As Guericke was 
burgomaster of Magdeburg in Prussia, the experiment 
has always been called the experiment of Magdclmrg. 
Rgmispheres. the hemispheres fit so closely together 
as to be air-tight, and one of them is provided with a 
eerew 'to be fitted on to an air-pump. Bings are 
attached to both the hemispheres at the extreme 
ends (Fig. 169X 

> ^ . Expt, 53.. Greasathe edges of the two bemispberea and 
together I note that they are pulled apait easily eo 
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long as they contain air. Put this together again ; exhaufit 
the air from within them, and close the stop-cock. Note that 
a very great force is now needed to separate the two hemis¬ 
pheres. 



Pig, 169.—Magdeburg Hemispheres. 

In one of Guericke's original experiments in 1654, 
it is said that hemispheres of 2 ft. diameter were 
used, and tliat a team of 12 horses, six on each side, 
was required to pull the hemisjiherefi apart ! 

Tha Vacuum Automatic Brake .—We are all 
familiar with the vacuum automatic brake, or simply 
vacuum brake, fitted in railway trains. The actioii 
of the vacuum brake depends uj)on the tremendous 
pressure exerted by the atmosphere. Under each 
I carriage there is a brake cylinder in winch moves a 
closely fitting air-tight piston. 

The piston rod is connected to a system of levers 
in such a way that the up and down motion of the 
piston is converted into a to and fro motion of the 
brake-blocks which press against the wheels. Each 
cylinder is connected to a train-pipe which runs 
beneath each carriage ; these pipes are joined together 
by flexible air-tight couplings. The front end of the 
train-pii>e is fitted with a steam ejector by means of 
which the air can be almost completely exhausted 
from the whole of the train pipe. When this is done 
the piston in each cylinder is drawn down to its 
lowest position and the brakes are off. This is the 
normal state of affairs. When the driver stops, the 
working of the ejecto?; and air is admitted into the 
4rain-pipe, the pressure of the air forces up the pistope 
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in the Imike cylinders and the brake blocks are- 
pressed h*/il against the wheels thus stopping their 
motion o/^ost immediately. The guard can also- 
admit ajv mto the train pipefe by a suitable 
mecharu-^'f Jo that the control of the brakes is in the- 
hands ol bcth the driver and the guard. 

15'. Rise of Liquids in Exhausted Tubes.— 

Before Ihe {ime of Galileo the rise of water in a tube* 
when th€ 0.ir is exhausted from its upper end, as in 
pumps siphons, was explained by the supposition 
that hfoJ-Uuft abhors a vacuu m. In 1640, Galileo’s 
attentfoOi 2 >>~as drawn to tho fact that some pumps, 
erected ojr ^he garden of the Duke of Tuscany near 
Floren<i4 Aasigned to draw water from a depth of 
56 ft. eflLnrv ot work ; the water rose about 30 ft. but 
would no higher demonstrating as it were, that 
Natur^ (x6f\orrence had its limits. Galileo seems to> 
have Ct tinted that the ju’essure of the air was 
respon-^Ut ^or the phenomena, but,he died in 1642- 
withou;l able to prove it. The true explanation 
was, given by his friend and pupil,. i 

Torric'eUiQ608-1647), who took up the question and* 
contiL-iA^ lip investigation after Galileo’s death. 


l€. .Torricellis Experiment. —Torricelli' 
argue»<^'^if water rose to a height of about 30 feet,, 
mercwrj is 13*6 times denser than water, must 

rise tt) JCfc‘^.^ight of about 27 inches. In 1643, he* 
came se ah experiment which has immortalized 


his nsTTOL. 

4* Take a thick-walled, long glass tube, about- 
a metrt a oentemetre in diameter, and closed atone* 

end. Ih chan, dry mercury, care being taken to expeT 

all ^air from the tube (fig. 170). For this purpose, 

eltwe tio.f^'^d of the tube with the thumb leaving a small 
qiumti^ ^ air ^above the mercury ; then incline >he tube 
safely <]ow the air bubbles to pass from end to eud,. 

%sui in tn Itlhe small bubbles of air that may adhere* 

'IS'-'ihe g . r . 
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Now fill the tube completely, and close the open end with 
^he thumb so as not to allow any air bubble between it and the 

mercury. Holding the tube 



firmly, invert it and im¬ 
merse the open end in a 
small cistern of mercury 
(fig. 170, ii). On removing 
the thumb, mercury will 
be seen to descend in the 
tube, and after a few oscilla¬ 
tions it comes to bo 
stationary at a height which 
is generally about 78 cms. 
or nearly SO inches* above 
the surface of mercury in 
the cistern. 

We now proceed 
to find the explanation 
of the support of the 
mercury column in the 
tube, T. The clear space 
above the surface of 
mercury in T, is devoid 
of air, and hence is a 
vacuum, I usually called 
the Torricellian Vacu¬ 


um. Hence the pressure 
at any point A, inside 
Pig. 170 tube, at the level of 

Torricelli’s Experiments ^he surface of mercury 

’in the cistern is that due to the column AB of 
mercury. This must equal the pressure at a point 
*on the surface of mercury in the cistern ix., at the 
same level as A ; and this latter pressure is 
due to the atmosphere. It follows that the 
atmospheric pressure at the surface of mercury 


• 76 cm=29*992 in. 

t It is not a complete vacuam, for it contains metcwef 
vapour, the pressure of which, however, at ordinary temperaK 
'tures, is practically inappreciable. 
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outside the tube is equal to the pressure due to the* 
column of mercury, AB, standing in the tube ; in 
other words, the downward pressure of the atmos¬ 
phere on the mercury surface in tfie cistern maintains 
the vertical column of mercury in the tube. 

The simple apparatus of Torricelli’s experiment- 
constitutes a simple form of aBAROMETEP, an instru¬ 
ment for measuring the atmospheric pressure. 

The following experiments add further evidence 
of the fact that it is the atmospheric pressure which 
supports the vertical column of mercury in the tube. 

Expt. 55. Fit up a barometer as indicated before and 
fix the tube vertically by means of a suitable stand. Note the^ 



Fig. 171 Pig. 172 

Barometric Pall of mercury with 

height roductif n of air-pressure* 

height of the merouty in the tube above that in the reservoir. 
Then incline the tube at various angles to the vertical (dg. I?!)** 
and measure the vertical height in each case. It will be found 
that the vertical height of the top of the column above the 
mercury in the resetvoir is always the same. This shows that 
si^on^tho atmospheric pressure is constant, the vertical height 
0 :f. iho column of mercury supported by it must also be constant^ 
Ij^tever be the in(ilinahon of the tube. 
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Expt. 56. Arrange a barometer so that the trough is 
under the receiver of an air-pump (fig. 172), the tube passing, 
through a tightly fitting rubber stopper in the bell-jar. Exhaust 
the air gradually, .^s the pressure on the mercury in th& 
trough is^reduced, the level of the mercury column falls. On 
re-admitting the air into the bell-jar, mercury rises to the 
original level in the tube. 

161. Pascal’s Experiment. —Torricelli observed 
that the cause of the pressure of the air must b& 
the same as the cause of the pressure of liquids 

the weight of the fluid itself ; but he died in 1647, 
before he had the opportunity of submitting the 
problem to a tost. This test was undertaken by 
Pascal. He argued that since the pressure in a 
liquid diminishes on going up towards its surface, the 
atmospheric pressure also ought to diminish on 
passing from the sea-level to a mountain-top. He 
requested his brother-in-law Perrier who lived near 
Puy de Dome, a mountain in the south of France, te 
try Torricelli’s experiment. In 1648, two observa¬ 
tions were made, one at the foot of the Puy de 
Dome, and the other at its top, a height of about 
3565 ft. : the mercury column stood at 28 inches at 
the bottom and 24'7 inches at the top. 

162. Value of the Atmospheric Pressure.— 

It has been proved in the previous article that it is^ 
the atmospheric i^ressure which supports the column 
of mercury standing within the barometer tube* 
Hence it follows that the hydrostatic pressure exerted 
by this column of mercury is a measure of the 
atmospheric pressure. If k is the height of thia 
column, P is the density of mercury, then the atmos¬ 
pheric pressure will obviously be given by 

^ ^ hp g 

The pressure of the atmosphere is not always 
constant but varies within certain limits round a 
mean or standard value. The Standard barometric 
faeight is taken as 76 cms. and the pressure exerted 
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Jdy a column of mercury of this height at sea level in 
latitude 45"^ at O^C is called the standard atmospheric 
pressure. The density of mercury at 0 C is 13*596 |rnB 
per c.c. and the value of g ifi latitude 45 is 
380*6 dynes per sq. cm. Hence in C.G.S. units, the 
standard atmospheric pressure 

-76x13*596x980*6 
= 1,013,260 dynes/cm. 


It must be noted that the pressure exerted by a 
column of mercury of a given height will be different 
at different latitudes and at different temperatures. 
It is for this reason that the temperature and latitude 
should be clearly specified along with the height of 
the column to make the pressure definite. 

In the F.P.S. system the value of the standard 
xitmospheric pressure is given by 

( 2 * 54 )^^ 

4-45 X 10 ;"^ 

= 14*7 lbs. wt. per sq. inch 
for 1 inch = 2*54 ems 


TT = 1,013,250 X 


and 1 lb. wt= 4*46x10® dynes 

On the English system of units the standard 
barometric height is sometimes taken as 30 inches. 
The standard atmospheric pressure in the E.P.S. 
system is then given by 

’** = 30 X ’49 X 32*2 poundals pet* sq. inch 

= 30x’ 49 lbs. wt. per sq. inch 

= 14*75 lbs. wt. per sq. inch 

the density of mercury being ‘49 lbs. per cu. in. 

Thus tl^e value of the normal atmospheric pressure 
may be roughly taken as one million dynes per sq. 
cm. or 15 lbs, wt. per sq, inch. 

.. recent times'and specially in meteorology the 
4itSu^spherio pressure is expressed in terms of a unit 
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•called the bar which is equal to the pressure of one 
million dynes per sq. cm. Thus 

1 bar , = 10® dynes per sq. cm. 

1 millibar == 10* dynes per sq. cm. 

and the standard atmospheric pressure is 
approximately equal to l0l3 millibars. The advan¬ 
tage of expressing the pressure in bars or millibars 
lies in the fact that the temperature or latitude need 
not be specified as is the case if the pressure is 
expressed in terms of the height of a mercury column. 

If a gas or a liquid acts in such a manner as to 
■exert a pressure of 15 lbs. per square inch of a sur¬ 
face exposed to it, the pressure is often spoken of as 
that of ONE ATMOSPHERE. 

Since in the above calculation the pressure per 
unit area only has to be considered, the height of the 
column AB in the barometric tube is quite indepen¬ 
dent of the form and area of the cross-section of the 
tube, as well as the extent of surface of the mercury 
in the cistern. 

It follows from the calculations given above that 
a square foot of surface is subjected to a pressure of 
15 X 144 or 2,160 lbs. wt. or nearly a tons wt. Now 
the surface area of the body of a man of middle size 
is about 16 sq. ft. ; hence the pressure on his body 
amounts to an enormous pressure of 37,600 lbs. or 
upwards of 16 tons. We do not, however, feel this 
pressure, because at every point it is exerted equally 
in all directions. At the same time, it is evident 
that the body, being subject to a normal pressure at 
all points in its surface, is compressed to an extent 
which depends upon the elasticity of volume of its 
•component parts ; the solid parts of the skeleton can 
resist a far greater pressure ; as regards the liquids 
in the organs and vessels, they are virtually incom¬ 
pressible ; the internal air, too having the same 
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density as the outside air, is under the same pressure. 
The compressinf? effect of the air pressure on the 
tissues of the body is one of the conditions to which 
the structure of the body is specially adapted, and we 
are not sensible of the effects, because we are always 
subject to them. 

In balloon ascents, MiTid on very high mountains,, 
travellers experience a strong pressure of blood to- 
wanis the nose and eyes, owing to the fact that the 
pressure of the enclosed air preponderates over the^ 
greatly diminsihed pressure of the surrounding outer 

t ** 

163. Barometers. — By fixing the Torricellian 
tube (art. 160) in a permanent position, we obtain 
a means of measuring the amount of the atmospheric 
pressure at any momejit : and this pressure is 
measured by the weight of the column of mercury 
which it supports. Such an instrument is called a 
Barometer. 

In constructing a mercurial barometer the mercury 
used must be pure and clean. Further, to drive out 
the air and moisture, the mercury must be carefully 
boiled in the glass tube. Ordinary mercurial baro¬ 
meters are either of the cutern or the fiiphon type. 
The barometer may be filled with any liquid other 
tliaii mercury, for instance water, glycerine, etc. : 
but in that case, the tube would be inconveniently 
long, as the liquid used is less dense than mercury. 
In the Aneroid barometer no liquid is used ; it is not 
so accurate as a mercurial barometer, but is light and 
portable. 

Cistorti Barometer. —The Torricellian tube stand¬ 
ing on its^ basin of mercury, is a Cistern barometer. 
The atmospheric pressure is given by the height of 
the mercurial columfa measured always from the sur¬ 
face 'Of the mercury in the cistern to the top of the- 
inerqury in the tube^ If the pressure increases, the^ 



-163J 


PROPEBTIES OF GASES 



mercury rises in the tube and the mercury surface- 
in the cistern is lowered down. If the pressure 
decreases the mercury sinks in the tube and the 
mercury surface ip the cistern rises up. Hence with 
the variation of the atmospheric pressure the mercury 
level in the cistern also varies. If, therefore, a scale- 
be permanently fixed by the side of the tube, the zero 
mark of which is meant to be at the level of the 
mercury in the cistern, an error creeps into the 
readings called the capacity error, due to the lack of 
coincidence of the zero of the scale with the mercury 
level in the cistern under varying atmospheric 
pressures. 



Pig 178 

The cistern of a 
Fortin barometer 


By making the area of 
the tube small in comparison 
with that of the cistern, the* 
rise and fall of mercury level 
in the latter can be made- 
small ; still for accurate work, 
it is necessary to make up 
for this defect by suitable 
devices. 

Fortin Barometer.— The 

most convenient form of a 
mercury barometer for general 
use in accurate work is Fortin’ 
Barometer, shown in fig. 174. 
It is an improvement upon 
an ordinary cistern barometer 
in as much as an arrangement 
is herein made, so that the 
zero mark of the scale may 
readily be brought to coincide 
with the surface of the mer¬ 
cury in the cistern. 


The usual arrangement- 
of the cistern and the lower part of the tube of the> 
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instrument is shown in fig. 173, 
The cistern consists of a glass 
cylinder, A, which allows the 
mercury to be seen ; the bottom 
of the cylinder ft cemented to a 
boxwood cylinder, BB, to which is 
fixed a chamois leather sack, Z, 
forming the base of the cistern'. 
The leather is provided with a small 
wooden button C, against which the 
screw S works, thus lowering or 
raising it as desired. The cistern is 
enclosed in an outer metal case 
M in the way shown in figure 
allowing the surface of the mercury 
to be seen through the glass cylin¬ 
der. The screw S works through 
the bottom of this outer case. Fixed 
to the lid of the cistern is a small 
ivory pin P ; the point of this pin 
marks the zero of the scale on 
w’hich the height of the barometric 
column 18 read. 

The barometer tube drawn at 
the open end fits through a box¬ 
wood collar D in the disc which 
covers the cistern ; the cistern is 
closed in the upper part by a buck¬ 
skin he tied to the tube and a 
tubular fixed to the cover; this strip 
of leather prevents the escape of 
mercury from the cistern but trans¬ 
mits the atomospheric pressure by 
allowing free access to the air 
through its pores into the cistern. 

The tube of the instrument is 
encfifeed in a long brass tube F. 
(Fig' 174). At the top of this case, 
theit are t'v^o longitudinal slits 
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about 20 cms. long, cut parallel to the length of the 
tube and diametrically opposite to each other, so that 
the level of the mercury in the barometric tube may 
be seen. The scale to read the height is engraved 
on the outer tube along the edge of the front slit ; 
it is graduated either in millimetres or in inches 
or both. The zero of this scale coincides with the tip 
of P. A sliding vernier V which can be moved up 
and down in the rectangular slit by a rack 
and pinion movement worked by a screw Si, reads, 
the height of the mercury column accurately when 
its lower surface is made to coincide with the mercury 
surface in the tube. At the lower part of the case is 
affixed a thermometer T, to indicate the temperature. 

To read the barometer, the screw is moved up or 
down until the level of the mercury in the cistern 
just comes to touch the tip of the ivory pin. Tbe- 
vernier is next adjusted, until the top of the mercury 
column and the lower edge of the vernier appear in 
the same line. The reading is then taken off the 
vernier and is further subjected to certain correciimts 
or reductions which are important for an accurate 
determination of the atmospheric pressure. 

Siphon Barometer. —This is more convenient 
and portable than the cistern barometer. It has 
no cistern, but consists of a long-glass tube, the open 
end of which is bent upwards (Fig. 175), so that the 
short open limb BD takes the place of the cistern. 
The long leg AB which is closed at the top, is filled 
with mercury, as in the cistern barometer. The 
difference of the mercury levels at A and G, in the: 
closed and open limbs respectively of the tube, 
measures the height of the barometer. 

To protect the mercury surface at C, the end of 
the shorter arm may be closed leaving only a iHn-holo 
P at the side through which the communication ia 
kept with the atmosphere. .. . . 
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Weather-glass or Wheel Barometer —The 
ordinary weather-glass or houj e-ho!d barometer is 
a form of siphon barometer. In the shorter leg, there 
is a float which rises or falls with the mercury. The 



Pig. 175. Pig. 176. 

Siphon ' weather- 

BarometM glftEB 


Fig. 177 
wheel 
Earometeir 


float is connected by a raek-and-pinion arrangement to 
the' central wheel, to the axis of which ie ^ed a 
needle moving on a dial (!Fig. 177). The dial is 
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mounted in the front of the tube so as to conceal its 
presence. It is f^raduated and marked stormy, rain, 
variable, fair etc. (Fig. 176). When the pressure 
varies, the float jpises or sinks, and moves the index 
needle to the corresponding points on the scale. The 
rack-and-pinion arrangement is sometimes replaced 
by a pulley and a string carrying a counter-poise at 
the other end. The wheel barometer is a very old 
invention and was inti'oduced by Hooko in 1683. 

The weather-glass is neither very delicate nor 
very precise in its indications. Further, the indica¬ 
tions on the dial as to the state of the weather are 
strictly of any value for the place for which the 
barometer is made, and differ for places at different 
levels and different latitudes. 

Glycerine Barometer.- The vapour, of i)ure 
glycerine has a very low pressure at ordinary tempe¬ 
ratures and hence there is not much objection to the use 
of glycerine for barometric purposes as there would 
be to that of water. The column of glycerine (sp. 
gr. r28) coi'responding to 30 inches of mercury (sp. 
gr, 13'59) is 318‘5 inches or about 27 ft. so that the 
fluctuations of the barometer are magnified about 
1*0'7 times. As, however, glycerine readily absorbs 

moisture from the air, it 
is usual to cover the 
liquid in the cistern with 
a layer of paraffin oil. 


(a) Fig. 176. -Aneroid Barometer (i) ’ 

The Aneroid Barometer*— This form of baxometer 
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is commonly used by geological and surveying parties, 
and also in air-orahs as it contains no liquid (from 
Gr. a, not, and Gr. neros, moist) and is hence- 
more convenient to carry. ^ 

It consists essentially of a small chamber in the 
form of a shallow cylindrical box B (Fig. 178). The- 
box Ms partially exhausted and closed with a thin 
metallic diaphragm which is corrugated. Variations- 
in Ithe atmospheric pressure cause the diaphragm to 
yield to an amount proportional to the change of 
pressure. In some forms, the chamber takes the 
shape of a thin-walled metallic tube in the form of 
a crescent which is closed and exhausted ; the ends 
of the tube separate or approach as the external 
pressure diminishes or increases. The motion of 
the diaphragm or the ends of the tube, as the case 
may be, is multiplied by a delicate system of levers 
and transmitted to an index moving over a dial whose 
readings are made to correspond to the readings 6f 
a mercury barometer. , ■ 

The aneroid barometer is lighter, portable and loss liable to¬ 
rn jury than a mercurial barometer: it is sometimes made as 
small as a watch. Changes in temperature may produce some 
alterations in the readings which should for this reason be 
checked by occasional comparison with a standard mercurial 
baremeter. 

Aneroid barometers are often used to measure the heights of 
mountains. Such an instrument is provided with a circular 
scale on the dial concentric with the scale of pressures and 
graduated directly in feet. This scale can be rotated round the 
centre of the dial and is so adjusted at the foot of a mountain 
of which the height is to be determined that the pointer reads 
zero.' Then as the mountain is aidoended the atmospheric 
prepare gradually diminishes and ^he pointer registers the 
actual height climbed^ Evidently the readings are true only 
if the atmospheric preslure at the foot of the mountain remains 
oonstfmt during the ascent. 

An Aneroid barometer can be arranged to record 
its indications on a piece of squared paper by means 
fitted tda long .lever.: the i^per is ^otind 
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on a cylindrical di'urn rotated by a clock-work. TJa^ 
whole arrangement is then called a BAROGRAPH or 
a self-registei*ing barometer. 

164. Variations in the Atmospheric Pre¬ 
ssure and Weather. —When the barometer at 
place is observed for several days, its height is found, 
to vary during the same day as well as from day to 
day. The extent of these variations is from 78 cms, 
to 71 cms. or 31 in. to 28 in. 

This shows that the atmospheric pressure is 
subject to variations. It is further observed that 
when the temperature rises, the barometer falls^ 
and vice versa. The daihj variations appear to 
result from the change of density of air, consequent 
on the expansions and contractions produced in the 
atmosphere by the variation of the intensity of radia¬ 
tion from the sun. Whenever there is a difference 
of temperature in any portion of the atmos])here and 
its neighbouring parts, currents in the air are pro¬ 
duced ; the air fi-om the warmer region rising up and 
passing away through the upper regions of tlie at¬ 
mosphere : thus the pressure in that particular 
portion is diminished and the barometer falls. 

In the equator and between the tropics, the 
daily variations are rather regular ; the barometer 
sinks from midday till towards 4 P. M. and then rises 
and reaches its maximum at about 10 P. M. It then 
sinks again and reaches a second minimum towards 
4 A. M. and a second maximum at about 10 A. M. 
Barometer changes are much greater and more rapid 
in the temperate zones than in the tropical regions. 

The use of the height of the mercury column in 
a barometer,—rather of the changes in the height,—^ 
as to the prediction of the possible state of the- 
weather is wide, as a change in the weather has been 
frequently found to coiueide with a change in tha 
atmospheric pressure. But the indications will differ 

B—22 
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aocording to the meteorological conditions of the 
place. As a general rule, however, the following 
interesting to note. 

As dry air is heavier than damp air, (the density 
of water vapour being O'6 of that of the air at the 
eame temperature and pressure), the barometer rises 
ordinarily in dry air, indicating fair weather, and 
falls in moist air which generally precedes a rainy 
weather. 

From the coincidence observed between the baro¬ 
metric heights and the state of the weather the 
following indications may be roughly remembered,— 

Height State of the weather 


79 cm ; 31 in 

Very dry 

78 cm ; 801? in 

Steady 

77 cm ; 30;^; In 

Fair 

76 cm ; 30 in 

Variable 

75 ern ; 29f| in 

Rain or wind 

74 cm ; 294 in 

]\fuch 1 ‘ain 

73 cm : 29 in 

Storm 


Further, a rapid rise of the haronicler on any 
day signifies a fine weather, latt not lasting ; a slow 
movement or a steady height states the contrary. A 
■sudden and rapid fall, on tlie other hand, indicates 
storm ; a slow continuous fall continuing for days 
together imjdies a lasting bad weather. 

The Indian Government has Observatories in all 
the principal cities wliere, along with other obser¬ 
vations, the barometric height is noted every day at 
8 A. M., 10 A. M., and 4 P.M. The 8 A. M. observations 
are telegraphed at once to Simla, Calcutta, Bombay 
and Madras. At the central observatories maps 
are daily' prepared and published. In these maps 
are drawn the linep, called Isobars, connecting places 
■of equal barometric pressure and curves, called 
IS&tFheriDal lines, passing through places of . equal 
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iemperature. The strength and direction of the 
wind, and the state of the weather as well as of the 
sea are also entered herein. From these, a meteoro¬ 
logical forecast of \9eather is issued daily. 

165. Measurements of Heights by the 
Barometer. —It has been noted before in art 157 
that the pressure of the air increases downwards to 
the surface of the earth just as the pressure increases 
with the depth of a liquid. Butin a liquid which is al¬ 
most incompressible, the pressure increases in propor¬ 
tion to the depth ; in air, however, it is not like that. As 
air is very compressible, a layer in the lower propor¬ 
tion of the atmosphere is compressed by the weight of 
the superincumbent layers : hence the pressure in the 
. air increases much more rapidly than in proportion to 
the depth. So the law for the variation of the baro¬ 
metric height with the altitude is not a simple one. 
Very complete tables have, however, been prepared 
by which the difference in height betw’'een any two 
places may be readily ascertained, if the correspond¬ 
ing heights of the barometer be known. For small 
elevations we may roughly take that the barometric 
height falls 1 inch for the firU 9()(i ft. aaccnded (or 1 
mm. for 10 metres), 1 inch lor the next 1000 ft., 1 
inch for the next 1100 ft., etc. 

166. Height of the Homogeneous Atmos¬ 
phere. —We have already seen that the pressure of 
the atmosphere diminishes as we rise up above 
the sea level. The exact law of variation of pressure 
with height is beyond the scope of this book. It is 
sufficient for our purpose to remember the variation 
referred to above. But one point of importance 
should be noted. Air, like all other gases, being 
highly compressible, its density varies directly in 
accordance with the pressure. It follows, therefore, 
that the density of atmospheric air diminishes with 
increasing height. From the law of variation of pres- 
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sure with height, the diminution of density with 
increase of height may be calculated. It may appear 
at first sight that the height at which this density 
is zero can then be found out /rom this law and 
hence the extent of the earth’s atmosphere may be 
determined. But unfortunately we cannot obtain a 
finite height for which the density is zero, so that 
the actual extent of the atmosphere cannot be 
definitely known. We may, however, infer from 
observations made by sounding balloons and also 
from other sources of information that the amount 
of air present at a height of even 50 miles above the 
surface of the earth is not inappreciable. 

If, however, we assume that the density of air 
in the atmosphere is the same throughout and is 
equal to that at the surface of the earth it is possible 
to find out a height H above which there is no air 
at all. The upper surface of such an imaginary at¬ 
mosphere will then correspond to that of a sheet of 
water. For, if p bo the density of air at the earth’s 
surface and g the acceleration due to gravity, 

4 

P {/ H = 7r 

where ^ is the atmospheric pressure 


Hence 



1,013,250 

__ . __ n w 

*001293 X 981 
8 km. approximately 


This height H is known as the height of the 
homogeneous atmosphere. It is the height of 
a hypothetical atmosphere of constant density 
whichwould give exactly the same pressure and 
henoe the^ same density as the real atmosphere at 
the surface of the earth. To express it in another 
way : the height of Ihe homogeneous atmosphere is- 
the height to which the real atmosphere would 
extend hod it been compressed into a homogeneoua 
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mass of air having the same density as that at the 
surface of the earth. 

ABCHIMEDES' PBINCTPLE APPLIED 

TO GASES 


167. Buoyancy of the Air. —As the air, like 
liquids, exerts pressure equally in all directions, 
Archimedes’ Principle applies in this case too. In 
other words, bodies immersed in air or any other 
^»as, are buoyed up, as in liquids, by a pressure equal 
to the weight of the air or the gas displaced. The 
loss of weight of a body in the air is demonstrated 
by means of the Baroscope shown in lig. 179. It 
consists of a scale beam, at one end of which a 
hollow glass sphere is supported, and at the other a 
lead counterpoise ; the latter arm is also provided 
with a rider screw for the final adjustment. 

Expt. 57. Adjust the rider screw until the beam in hori- 
zontil. Place the whole under the receiver of an air-pump and 

exhaust the air inside. The 
sphere sinks showing that its 
weight has apparently in¬ 
creased (fig. 179). Restore 
the former state to the beam 
by re-admitting the air. 

When in air, the sphere 
as well as its counter 
poise, are buoyed up by 
the weight of the air dis¬ 
placed. But as the sphere 
has a larger volume, it 
displaces a larger volume 
of air and is consequently 
acted upon by a larger 



Fig. 179 
Baroscope 


buoyant force in air. 
Though the two are bal¬ 
ancing each other in the 


“4iir, it is evident that the true weight of the sphere is 
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greater than that of the counterpoise. On removing, 
the air from inside the apparatus, the buoyant 
forces disappear and the true weights become 
evident. * 

It is thus evident that when a body is weighed 
in air, the weight obtained may be called its apparent 
weight and is less than its true weight in vacuo. 
In determining the weight of an object precisely, 
a correction for the buoyancy in the air must be- 
allowed for both the body to be weighed and the- 
weights used. 

It follows from the Principle of Archimedes that 
if the weight of a body is less than that of the air 
displaced by it, in other words,—if the body be- 
lighter than the air,—the body will be buoyed up- 
and will rise in the atmosphere until it reaches 
a layer of the same density as its own ; the force- 
causing the ascent being the excess of the buoyancy 
over the weight of the body. This is the reason why 
smoke, vapour, a fire-balloon and air-balloons rise 
in the air. , 

168. Balloons .—The buoyancy of the air is- 
utilized for an important purpose the ascent of 
a balloon in the air. A Fire-Balloon consists of a 
paper envelope with a wide opening below, in the 
centre of which is a piece of sponge or cotton wick, 
held in a wire-frame, and soaked in methylated 
spirit. The sponge is ignited and the bag is filled 
with the heated air which, being lighter than the 
cold air, causes the balloon to rise. 

A balloon is essentially an air-tight envelope or a 
bag of silk or some other light material filled with 
some gfi.seous substance like helium, hydrogen, coal- 
gas, etc., which is lighter, bulk for bulk, than the air 
at the surface of the earth and serves to float the 
apparatus in the Air (fig. 180). In the usual form it is 
spherical with alight car or basket suspended below 
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it to carry passengers. The car is suspended by 
cords attached to a net-work covering the upper half 
of the balloon. The necessary condition of the ascent 
is that the weight of the air displaced must be greater 
than that of the balloon and its load. 

The difference between the weight of a balloon 
and that of the air displaced by it, is called the 
lifting power of the balloon. If the approximate 
weight of X cubic metre of air is 1300 gms. that of 
hydrogen, 89 gms., that of coal gas., 750 gms., that 
of air heated to 200'C, 750 gms., then the lifting 
power per cubic metre of hydrogen is 1211 gms. ; 
of coal-gas, 550 gms. ; of heated air, 550 gras. Though 
coal-gas has a lifting-power much smaller than 
hydrogen, yet it is generally employed on account 
of its cheapness, and of the facility witli which it can 
be procured. 

Balloons are not fully inflated at the commence¬ 
ment of the ascent, for as the balloon rises, th& 
density of the air diminishes and the external 
atmospheric pressure on the balloon continually 
diminishes. In consequence, the gas inside ^ expands 
in the same ratio as the pressure diminishes outside 
(see Boyle’s Law) till the ballon is fully distended. 
Up to this time the lifting power remains nearly 
constant. Suppose, for instance, the atmospherie 
pressure has diminished to one-half its value, the 
volume of the balloon will then be doubled ; it will 
then displace a volume of air twice as great as before, 
but only of half the density, so that the buoyancy 
will remain the same. This conclusion, however,, 
is not quite exact, as the solid parts of the balloon 
do not expand like a gas. 

If a balloon continues to rise even when it is fully 
distended, its lifting-power diminishes rapidly, for 
the volume of the displaced air remains the same, 
but its densitydiminishes. A time, however, arrivea 
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when the weight of the air displaced is equal to that 
of the balloon itself ; the ballooti can rise no more 
and comes to rest in the region after a few oscilla¬ 
tions, only to be drifted by the current in the air. 

At the top of the 
balloon there is an 
opening, closed by a 
valve held to a spring, 
which the aeronaut 
can open at pleasure 
by means of a cord. 



Fig. 180.—Balloon 


Fig. ISl—Parachute 


When the aeronaut wishes to descend, he opens this 
valve by means of the cord, thus allowing the gas to 
escape'. To rise again or to make the descent less 
rapid, sand-bags kept as ballast in the car are 
gradually ^emptied. 

The descent from a balloon in the mid-air is 
sometimes effected by means of a parachute (fig. 181 ). 
It 'is a huge umbrella-like contrivance, from the 
circumference of Which hang cords supporting a 
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small car. The resistance of the air opens the para¬ 
chute and acting upon its large surface moderates 
the rate of its ^descent. It has a hole in the top, 
which allows the air to escape slowly and thus the 
'parachute is kept upright. 

Almost from the very beginning of ballooning, 
some method of directing the balloon to a pre-deter- 
mined goal had been sought by the inventors, for 
one of the strong ambitions of the human race is to 
fly and not simply to rise in the air, though the latter 
is undoubtedly a necessary step. To accomplish this, 
a machine propeller is needed to drive the machine 
after it has been lifted up in the air, and a suitable 
rudder to direct its course. Such a machinery will 
again have a weight and the gas-bag must be enlarged 
to counterbajance it. The whole constitutes the 
dirigible balloon or the air-Ship. 

An air-ship is a dirigible balloon, i. e., it can be" 
driven by means of machine propellers P, P (fig. 182) 



182 

A Zeppelin air-ship 


after it has been lifted up m the air, „directed.ilL_ij(S 
course by a suitable ruMerli. To jupRQrl the..-Weight 
of these raacHineries the gas-bag is enlarged. It is 
generally given an elongated cTpir^ike s hape , so that 
the resistance of the may be the 

least ppssible. As a matter of fact, several gas bags, 
•separated from one another are put within suitable 
Kjornpartmebits which ftre encased in an outer envelope. 
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G. G are two ^OfldoUs or cars, each of which con¬ 
tains a motor which works one of the propellers, 
which are rigidly connected to the body of the ship. 

169. Flying Machines. —The term flying 
machine is applied to all forms of air-craft which are 
heavier than airi._ana which_ lift and sustain them- 
sdve^ in the air by mechanical means. In this 
respect they are distinguished from balloons which, 
are lifted and sustained in tho air by the lighter-than- 
air gas they contain. 

Aeroplanes .— Aeroplanes are those forms of flying 
^ machines which depend for their jLupj^fE’TnT the ali' 
upo n "¥xt^~ded~ metal iurfaces which are called sails 
or fflahes. They are commonly driven by propellers 
actuated^ by motors. When not driven by power, 
they are called gliders. 

Broadly speaking, an aeroplane (fig. 183) consists 
of : 

(a) A metal body, more or less cigar-shaped 
and mounted on skate-wheels, S. 



An Aeroplane 


(6) Main ^anes T. M. P. and B. M. P.— 
These are large metal sheets fitted in 
* front, which support the aeroplane in 
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ic) 

(d) 


the air ; 

front to rear, with a convexity of surface- 


upwards. 


A propeller, P—worked by the motor- 


engine and pulling the machine behind' 


it through the air. 


The tail, which carries a vertical steer¬ 
ing rudder R to direct the aeroplane. 
The theory of the lift and supp^tJiLaii .. 
aeroplane is^ that of an inclined planer 
driven in a more or less horizontal j 
direction, so that the air impinges on ! 
the inclined under-surface. The wind j 
pressure on the plane acts normally to | 
the plane in a direction OA (fig, 184)' 
and may be resolved into a vertical com¬ 
ponent OB and a horizontal component 
OC. 


Just when leaving the ground, the spe ed of the 
plane must be sufficient to make OB Sightly greater ! 
tJhan the weight of the aeroplane. The component j 
OC is to be overcome by the pull of the propeller. I 
These forces are known as the‘lift’jind ^di^ft’res-r| 
pectively. Hence, knowing the weigETlio I5e supported, * ' 
the power necessary to keep it up,can be calculated. > 
It is obvious then that to stay, up in the air, an 1 f 
aercydane must move swiftly through Tt ; the heavier ' 
it Is, tlie faster it must go. * 


Exercise XVllI 

1. State in a general way the use of the barometer, 

(n) in measuring the heights of mountains. 

(b) in indicating the state of the weather. 

2. A solid floats partl.'^ submerged in a liquid when the- 
vessel which contains it is in air ; if the vessel be placed in a 
vacuum, w'ill the solid sink, riseur remain stationary ? 
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8. Why does water gurgle out instead of issuing in a steady 
stream, when a bottle full of water is inverted ? 

4. In selling diamonds by weight, whiCth of the following is 
advantageous to the seller :— 

(a) the barometer should be high or low ? 

(h) the weights used should be of rock-crystal or of 
platinum ? 

5. I litre of hydrogen and a litre of air weigh about 0 09 

grsimmo and 1’3 grammes respectively at a certain temperature 
(f) and pressure (jij). What will be the capacity of a balloon 
weighing 10 kilogrammes, which just floats when filled with 
hydrogen having the same pressure (^)) and the same tempera¬ 
ture (f) as the air? rc. U. —1912] 

6. Describe an experiment to prove that the air exerts 
pressure. How is this pressure measured ? 

If a certain pressure is equal to that exerted by a column 
of mercury of height 7C0mm., find its magnitude. (Sp. gr of 
mercury—18‘6). [C. U.—1917] 

7. Explain clearly what you understand by tlu' atmospheric 
pressure. 

Describe experiments to prove the existence of atmospheric 
pressure. How is it determined ? If it is equal to that of 
82 inches of mercury, find its magnitude. [Sp. gr. of mercury 
= 18*6J. ‘ [C. U.~1918l 

8. Explain fully the meaning of the statement, ‘The atmos¬ 
phere exerts a pressure of 15 lbs. per sq. inch, nearly.’ 

How would you verify the statement experimentally ? 

[G. U.—1919] 

9. Describe any form of barometer you have used in your 

laboratory. Give the directions necessary for reading the 
atmospheric pressure. fO. U.—1921] 

10. A glass tube, 20 inches long, closed at one end and 

entirely ^led with mercury, is inverted over a mercury trough. 
'State what happens, giving reasons. [G. U. 1922-28J 

11. Dfesejibe an experiment to show that the principle of 
Archimedes can be applied to gases also. A flask is tirst 
weighed with its mouth ppen, then with its mouth well-corked 
by a rubber stopper ; what difference will you notice ? 

< ‘ [Pat. U—1919] 

a 

.J.3* EUpress the norpaal pressure of air in absolute units, 
of mercury bsIB'6 ; g—98^ dynes). 10. U.—192'?1 
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13. Explain what you mean by the atmospheric pressure 
Give a brief description of any form of barometer. 

Find the height of a glycerine barometer when the water 
barometer stands at 8‘2 feet. (Sp. gr. of glycerine = 1*27). 

• - - . [C. U.—192S] 

14. What is the effect of the pressure of the atmosphere 
on the weight of a body ? Give reasons for your answer, and 
describe an experiment by which this effect can be demonstrated. 

[ C.U.—1934] 



CHAPTER XXI 


BOYLE'S LAW 

170. Expansion of Gases. —The three vari¬ 
ables in the case of a gas are its volume, pressure and 
temperature. To specify a quantity of a gas by 
volume, the temperature which it possesses and the 
l)ressure to which it is subjected, must be mentioned. 

A gas, unlike a solid or liquid, alters considerably 
in volume for small changes of pressure, even though 
the temperature remains constant. The relation 
between the pressure and the volume of a given mass 
of a gas at a constant temperature is found to conform 
generally to a definite law, called boyle’s law. The 
law was discovered in 1662 by the Hon. Rotjeut 
BoyTjE (1626 —169]) in England, and also independ¬ 
ently, in 1676, by Maiuotte in France. 

Similarly, the law that co7inects the rise of tem¬ 
perature and the increase of volume of a gas under 
a constant pressure first ommeiated in 1787 by 
ChABLES, a Frenchman, and is called Charles’ Laic. 

171. Boyle’s Law.- -The law states the volume 
of a gtven mass of a <jas at constant temperature is 
inversely proportional to its pressure. Thus if p be 
the pressure and v be the volume of a giveii mass of 
gas, then, Recording to the law, we have 

V varies as lip 

or V k. lip, where k is a constant. 

» or pv = k ... ... (99) 

Hence it follovrs that if a fixed quantity of a gas 
.•at' a constant temperature*has volumes denoted by 
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'*^11 ^3, etc., under pressures denoted respectively 

•t>y Pi, Pi, pt, etc., then we must have 


PxVi = piv» = etc. 

It will be seen that Boyle’s law may be stated in¬ 
terms of the pressure and density of the gas. For, 
if a given mass of a gas has a valume v, and density 
under a pressure Pi, and a volume Vi and density 
d 2 under pressure 2 , than since 


and = P” 

di Vi Vi Pi 

we must have 

= Pi 

do Pi 


( 100 ) 


i.e., the density of a gas at a constant temperature is 
directly j)roportional to its pressure. 

Experimental Verification of Boyle’s Laio —Boyle’s 
law may he experimentally verified by means of 
a tube shown in fig. 185 similar to what was 
used l)y Boyle in his experiments to establish 
the law, and is generally called BoyVs Tube, It is 
simjily a glass U-tube having one arm about 6 in. 
long and closed at the top, and the other arm, open, 
and about 3(i inches long and is mounted on a verti¬ 
cal bcaird. Both the limbs of the tube are usually 
graduated in the same way from a zero mark at the 
same horizontal level. 

Expt. 58 . Pour a small quantity of clean mercury into 
a Boyle’s tube, and adjust by tilting the tube, so that the 
surface of the mercury in both the limbs is at the same level. 
Now the air enclosed in the closed arm AB is at the atmos¬ 
pheric pressure. To get its volume, read the scale AB ; it is 
assumed here that the bore of the tube is uniform, and the unit 
in which the volume is measured ia evidently the cap^ity of 
the tube per uuit length. 

Now pour mercury agi^in into the ppe^n limb,; ngtice that 
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the volnmo of the air in the smaller limb is gradually reduced. 
Gdxrtinuo to do thist'juntil the volume of the contained air is 
half of what it was- the atnaospherio pressure ; . in .other 
words, AD in fig. 185(a) is half of AB in fig. 185(b). Measure 
the height of the mercury column above D^. It will be found 
to .be exactly equal to the height of the barometer at the time of 
the experiment. The pressure at is, therefore, equal to that 
of(twp atmospheres which must also be the pressure of the air 
in AD, 



(a) (b) (a) (b) 

' Fig. 186 Fig. 186 

Boyle’s tube Mariotte’s apparatus 

Verification of Boyle’s Law 

l^hue the experimenl^ proves that when the pressure of the- 
aif Wilie closed limb is the volume is halved. 
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Expt. 59. Arrange the apparatus as in th« first part of 
Expt. 68 and note the volume of the air enclosed when it is at 
the atmospheric pressure. 

Now pour mercurx^ into the open limb, step by step, so as tO' 
raise the level about .8 inches at each step ; and note the pressure 
and volume of the air in the closed limb at each step. The- 
pressure at each step is given by the atmospheric pressure- 
which is acting on the surface of mercury in the open limb, 
plus the pressure due to the difference of the mercury levels in 
the two limbs. 

Arrange the readings in a tabular form. 

It will be seen from these results that the value 
of the product of the volume of the air and the 
corresponding jiressure is practically constant. 

To demonstrate the irutli of the law for pressures 
less than ojie atmospliere, a different arrangement 
known as Mariotte’s apparatus is required. It simply 
consists of a graduated tube and a deep trough BLM 
to contain mercury, fixed on a suitable stand S 
[fig. 185 (a)J. 

Expt. 60. Pour mercury into the graduated tube, until 
it is about two-thirds full, leaving the upper part to be occupied 
by the air. Place the thumb over the mouth of the tube, and 
invert it in the trough containing mercury [Fig. 185 (a)]. Lower 
the tube until the mercury inside and outside the tube is at 
the same level. INIeasure the length now occupied by the air 
which is at the atmospheric pressure. 

Raise the tube slowly ; the mercury recedes from the closed 
end, showing that the air in it expands, owing to the decrease 
of pressure acting on it Tpig. 185(b)]. Measure again the length 
occupied by the air, and determine its pressure by subtracting 
the height of the column of mercury standing in the tube above 
the mercury surface in the trough from the barometric height 
observed from a Fortin barometer. As before, the tube is as¬ 
sumed to be uniform in cross-section ; hence the volume of the 
air in the tube is proportional to the length occupied by it. 

Verify that is almost constant. 

The apparatus nowadays used in the laboratory 
for the above purpose is much more convenient than 
Boyle’s tube. This consists of two glass tubes AB 
and CD connected by means of a long, thiCk-walled 

B—23 
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India-rubber pressure tubing, and fitted by means of 
adjustable clamps on two vertical uprights (fig. 187). 



Fig. 1R7 Fig. Fjg. 189 

Verification of Boyle’s law 


AB is uniform in cross-section and closed at the top 
and contains a certain quantity of dry air. The 
lower part of the glass tubes and the whole of the 
India-rubber tubing contain mercury. A wide scale 
runs along the vertical board in the middle. CD 
acts as a^mercury reservoir. The pressure to which 
the gas in the closed limb is subjected can be varied 
by raising or lowering the mercury reservoir, thus 
allowing the law to be tested for pressures both 
gre^iter ahd less th^n the atmospheric pressure. 
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Expt. 61. Fix the tube AB (fig. 187) at about the 
middle of the stand. Slide CD until the mercury stands at the 
same level within the two tubes. The pressure of the air en¬ 
closed is equal to the, atmospheric pressure, and its volume is 
proportional to the length of AB occupied by the air as read on 
the scale. Read the barometer to got the atmospheric pressure. 

Now raise the tube CD gradually (Fig. 188) ; the volume of 
the enclosed air is reduced more and more. The pressure at each 
step is equal to the atmospheric pressure jiJtts the pressure duo 
to a vertical column of mercury standing between the levels 
in the two tubes. Note each time the volume of the air and the 
corresponding pressure with the help of the attached scale. 

In the next series of operations lower CD below AB (Pig. 189). 
The pressure on the enclosed air is this time less than 
the atmospheric pressure by that due to a column of mercury 
standing between the levels of the two tubes. Take readings 
in several step.s. 

Record your results thus . 


Height of barometer— cms. (H) 


1 

Difference of 

Total pressure 

Volume of 

1 

1 

1 Total pressure 

mercury levels, 

of air 

air 

X volume 

h 

H ±h--p 

= v 

=pv 


I 

I 


Find the product of p and and show that this is almo.st 
ronstant. 

The I’eliition l)et\veen p a rid v may be conveni¬ 
ently expressed graphically : if a curve be plotted 
so that the abscissae represent the ]iressures and the 
oi’dinates the corresponding volumes of a given mass 
of gas at a constant temperature, the form of the 
curve is obtained as shown in fig. 190. The curve 
is of the form of what is called the Eectangular 
Hyperbola. . ‘ ‘ 

More refined experiments performed by Regnault and otliers 
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havo shown that Boyle's law is not obeyed by gases at very high 
pressures. For ordinary pressures, however, the law' does very 
nearly hold in the cases of so-called permanent gases zns., 
oxygen, hydrogen, nitrogen, etc. 



Fig. 190 

Verification of the volume of a gas with pressure 

172. The Manometer. —The Manometer or 
the pressure-gauge is an instrument for measuring 
the pressure of a gas or of a vapour. The pres¬ 
sure is generally expressed in terms of the atmos¬ 
pheric pressure and is often measured by means of a 
cqJiimn of mercury. 

: . il, Siphon Gan^e consists of a glass tube bent to the 
fenspThf’ a U, as AB3 in fig. 191 and contains mer- 
c^rf^^Ul the bend. !{he end D is in communication 
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“with the vessel, the pressure in which is to he 
measured. 

When pressures which are not very consider¬ 
able are to be measured, the end A of this gauge is 

often open to the air. Suppose that 
on connection with the vessel the 
mercury levels in the. two limbs are 
at C and D. Now the pressure at 
D, equals the pressure at C (which 
is here the atmospheric pressure) 
p/nn the pressure of a column of 
mercury, the height of which is 
given by the difference of readings 
of C and D taken with the scale 
attached. 

Tho choice of a liquid to be used in the 
Range will depend to some extent on the 
pressure to be moasured : with a dense 
liquid like mercury, the ‘head* of morcurv 
i.e., tho difference of two levels in the 
two limbs would be small. If a liquid ot 
smaller specific gravity be u.sed, the ‘head’ necessary to measure 
a given pressure will bo large in the inverse ratio of the specific 
gravities. Sulphuric acid (sp. gr., about 1'84) is often used ; but 
it absorbs moisture very quicklv and has its density altered 
thereby. Wat'^r mav be employed m sdme cases but it evapo¬ 
rates rapidly ; further, the pressure due to the water vapour 
may cause error. ^ 

For the meaf^urement of high pressures, the end 
A of the gauge is closed as in fig. 191, so as to 
enclose a quantity of air. As the pressure on the 
mercury on the side D is increased, the mercury 
level in this limb is driven down, and the air in AC 
is compressed. The extent to which the air is thus 
compressed indicates the pressure to which it is 
■ exposed and this pressure is obtained by the appli¬ 
cation of Boyle’s law. The pressure at C is due to 
the compressed air ; in most cases, the pressure 
• due to a column of the inercury of the height given 
. by the difference of the levels of mercury in the two 



lin Fig. 

A Siphongauge 



358 


GENERAL PHYSICS 


[XXI- 


limbs, is negligibly small compared with that due' 
to the compressed air. In such cases, the pressure * 
at D is roughly equal to that at C. 

For measuring low pressures, the tube AB con¬ 
tains no air and is com]>letely filled with mercury. 
So long as the end D is open, the atmospheric pre¬ 
ssure forces the mercury up the arm AR to the top 
of the tube. When the pressure at D is sufficiently 
lowered, the mercury in AB falls. Suppose the 
levels are at C and D as in fig. l9l ; the pressure 
above C is zero ; draw DFi horizontal tlirough D. 
Pressure at D equals that at Fi which again is me- 
Bured by the height of the column EC. This form of 
gauge is commonly used with an air-pum]). 

Exercise XIX 

1. The volume of an air-hubble ineroas^os six-fold m risini: 
from the bottom of a lake. Find the depth of the lake. (The 
barometer reading=70 cms ; and sp. gr. of mercury— 18 G). 

2. A U-tube open at one end and elo.sed at the other, is 

partially filled with mercury (density - ItiT)). Tne closed end 
of the tube contains some air, and the m'^renry in the open 
limb stands 80 cms. higher than it does in the closed limb 
Find in C. G. S. units the intensity of pressure on the air in 
the closed end of the tube. [C, U. —1910 1 

8. A faulty barom^j/ior contains some air which cccupics 
10 c. c. if it stand at 740 mm., when a true barometer indicates 
a pressure of 750 mm., find the volume the air will occupy at 
the standard pressure 7C0 mm. |C. U.—1911] 

4. What volume does a gramme of hydrogen occupy at 0 C., 
when the height of the mercurial barometer is 750 in milli¬ 
meters ? [1 c. c. of hydrogen weighs 000008958 grammes at 

0°C and 760 millimetorg.'J [ C. U.—19181 

6. A litre of air weighs 1.29-8 grammes at a pressure of 76 
cm. and temp. O'C. What will be the weight of a litre of air 
at the sam6 temperature, when the barometer stands at 78 
.cms. ? [C. U.—1916] 

6. ,A giv^n guanthy of a gas is allowed to expand to 1"5 
timeft'its original volume. What will be ti e pressure it will 
exert, if it were originally at a pressure of 750 millimeters of 
mercury,'the temperature remaiiung constant throughout ? 
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Describe an experimental arrangement by which your result 
may be verified. [ C. U.—1916J 

7. What is the pressure of a gas in a closed jpace duo 

to it ? Explain - hova'the, relation between the volume of a 
given quantity of gas and pressure may be determined experi* 
mentally. [ Pat. U.—1916] 

8. A volume of air at the standard temperature and 
pressure is compressed to ^th of its original volume. What will 
be the new pressure ? 

9. A narrow' glass tube open at both ends, is partially dipped 

in a vessel containing water. The upper end is closed by the 
thumb and the tube taken out of water. State what will 
happen and why ? [C. U.—1922J 

10. State Boyle's Law. How may it be experimentally 

verified for pressures greater and less than the atmospheric 
pressure ? [C. U.—1921 : ’21 ; ’24 ; ’27 ; ’81] 

11. An accurate barometer reads 80 in. when one contain¬ 

ing air above the mercury reads 24 in. If the tube of the 
latter be raised 3 in., the reading becomes 26 in. Find what 
length of the tube the air would occupy if brought to the atmos¬ 
pheric pressure. [C. U.—1924) 

12. A tube six feet in length closed at one end is half filled 
with mercury and is then inverted with its open end just dipping 
into a mercury trough. If the barometer stands at 30 inches, 
what will be the height of the mercury inside the tulwj ? 

rC. U.—1981] 

13. Briefly describe a mercury barometer and explain its 
principle. 

The height of a barometer is 76. cm. of mercury, and the 
evacuated space over the mercury surface has a volume of ID 
c.c. 1 c.c. of air at the atmospheric pressure is introduced 
into the evacuated space. What is the new reading of the 
barometers ? (The cross section of the tube is unity.) 

rC. U. = 1929] 

14. A borometer whose cross-sectional area is 1 sq, cm. 

has a little air in the space above the mercury. If it is found 
to read 71‘8 cm. when the true height is 77*0 cm., determine 
the volume of the air present in the tube, measured under 
normal conditions. [0.11.—19871 

15. Slate Boyle’s law, and describe an experimental 
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arrangement for verifying it for pressures less than one 
atmosphere j 

Express the normal pressure of air in absolute units (Sp. 
Gr. of mercury=18’6 and </■= 981 cm. per sec. per see,) 

The density of air of N. T. P. is O’OO, 129 gm per c.c. 
find the alteration in the v<reight of 15 litres of air when the 
barometer falls from 76 cms. to 74 cms. 1C. U.—1968] 
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Tn the present chapter we shall describe some 
of the more important forms of hydrostatic appliances 
which de])end for their action upon the properties of 
liquids and fiases. 


173. The Pipette.~The pipette (fig. 192) con¬ 
sists of a glass tube with a bulb blown on to it about 
half way down. It is open at both ends and 
terminates below in a small tapering mouth. 
It is used for removing a liquid from one 
vessel to another. Water is introduced in 
the tulle either by suction or by direct 
/ \ immersion. If the upper end be now closed 
with the finger and the tube be then with- 
cc drawn water will not fall, being acted upon, 
from outside by the atmospheric pressure 
which becomes equal to the total pressure 
due to the air and water enclosed inside. 
The lower end is thep placed in a vessel 
to which the liquid is to be transferred. On 
re-opening the upper end the atmospheric 
pressure is allowed to act in the inside also 
and the enclosed water flows out. This flow 


Fig. 192 
Pipette 


can, if desired, be stopped by closing the 
upper end again. 


> 174, The Siphon .—The siphon is an 

instrttfifi^nt by* meirfil "b'f'^^ch a vessel filled with a 
liquid may be emptied'; when the ordinary process of 
pouring the liquid off is not convenient or desired. It 
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is a bent tube of the form shown in fig. 193 open at 
both ends, one limb being longer than the other. First 



Fig. 198 Fig. 194 

The siphon The aspirating siphon ^ 

of all, it is filled with the liquid to he drawn ofi' ; tlie 
ends are then temporarily closed witli the fingers, 
and the shorter leg is jdaced below the level of the 
liquid in A, the vessel to be emptied The other end 
is outside this vessel and below the level of the liquid 
surface in A. On opening the two ends, the liquid 
begins to flow out at once through the longer tube. 

The principle of action of the ineitrumont is readily under¬ 
stood from the following conBidoratioiiB. Lot CD he the highest 
portion of the tnbe, which is horizontal, and let 7/. and 7?' denote 
the rertical heights of the points C and D above the liquid levels 
at A and B respectively. Then 

Pressure at C == TT—hdg 

Pressure at D = tt— h'dg 

■svherc TT is the atmospheric pressure and d, the density of the 
liquid. 

Now fts h < h' 

pressure at G > pressure at D. 

Hence water wdll flow from C towards D, and 
the atiboSpheric pressure which is greater than the 
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pressure at C will again raise water to C ; thus a 
continuous flow will be maintained. 

The two conditions which must hold, so that the 
siphon can act ar*e— 

(1) The level A of the liquid in the vessel which 
is to be emptied, must be above the level B in the 
other vessel. 

(2) The height of the top of the siphon above 
the liquid in the vessel to be emptied must be less 
than the height of the corresponding liquid baro¬ 
meter. 

For convenience in filling, the siphon is often 
made in the form, called the ASPIRATING SiPHON, 
shown in fig. 194 which is provided with a side- 
tube. One end of the siphon is inserted in the liquid 
to be removed, while the other end is closed, and 
the operator applies suction at the side-tube till the 
liquid flows over. In siphons for commercial pur- 
l)Oses, the suction is usually produced by a pump. 

In Tant.\lus' Cup (Fig. 195) a siphon is con¬ 




cealed inside a figure representing Tantalus, placed 
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in the vase, whose mouth is just above the top of 
the siphon. Water is poured into the vessel, and 
no sooner does it reach the top of the siphon and 
approach the level of his lips than the water begins 
to flow away through the siphon, purporting to leave 
him as thirsty as ever. 

The siphon may he employed to produce an inter¬ 
mittent flow of a liquid. Fjg. 196 represents a vessel 
in which there is a siphon with its shorter arm ter¬ 
minating near the bottom, while the longer arm 
passes through tl e bottom. If a small stream of 
water flows into the vessel, the level will gradually 
rise both in the vessel and in the shorter branch 
of the siphon,till it reaches the top of the bend, when 
the tube is filled which the liquid. The siphon then 
nets,and powerful rush of w’ater issues through the 
pipe C until the vessel is emptied up 
to the mouth of the shorter arm of 
the siphon. ]f the sup])]y of liquid be 
allowed to continue, this siphon will 
recommence its action when the level 
of the liquid again rises to the level of 
the bend. The same principle is 

a})plied in the aniemaiicjiushing tanks 
used for sanitary purposes. 

175. Micro's Fountain. —It 
derives its name from its inventor 
Hiero, who lived at x4.1exandria in 123 
B. C. It consists of a dish A and tw’o 
globes B and C. A tube D runs from 
A to the bottom of the lower globe C 
(flg. 197), a second tube E connects the 
upper parts of the two globes and a third 
tube E proceeding from the bottom of 
the upper globe B passes through a cork 

Fig. 197 in the centre of the dish A and ends 
Hiero’tt- fountain jg^. 

The ‘upper globe B is tilled with water by remov- 
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ing the cork fitted to the dish A. The cork is then 
placed in position and water is poured on A. The 
water flows through D to collect in the globe C and 
displaces the air* in it. This in its turn passes up* 
into the globe B through the tub© E anji^out through^ 

E i&4t 'ipt as represented in the figura/^ 

176- The Syringe. —This 
inptrument is the simplest form 
of the pump for raising water. 

It consists of a hollow cylinder 
AB (fig. 198), terminating at 
its lower end in a nozzle C and 
provided with a solid, air-tight 
piston working inside it. 

Expt. 62. Place the nozzle C 
of the syringe, with the piston at the 
hottom of AB, under tne surface of 
Avator. Raise the piston ; the pressure 
of the air, acting on the upper surface 
of the liquid, forces it into the 
cylinder to fill tlie vacuum which 
would otherwise be formed below 
the piston. Take out the syringe when 
sufficient liquid has been drawn up. 

Tho liquid may be ejected again 
through tho nozzle C by reversing the 
motion of the piston. 

The principle of the syringe and the various forms 
of pumps is that of suction. This consists in enlarg¬ 
ing the volume of a space to which the liquid has 
access ; the pressure within the space is thus reduced 
and the atmospheric pressure forces the liquid into the 
space to fill up the partial vacuum. This principle 
was not understood by the ancient philosophers who 
tried to explain the rise of the liquid by saying that 
Nature abhors a Vacuum. In inhalation, the muscles 
of the cheat cause the lungs to expand, thereby reduc- / 
ing the internal pressure ; so the air is driven in. |V 
of drin king v^er is similarly explained. 



Fig. 198 
Syringe 
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177. Vliivcs.- “Valves are used in most of the 
hydrostatic machines. They aie made so as to yield 

o an excess of 
pi'essure on one side 
only ; an excess of 
pressure on the 
opposite side will 
close the valves. 
They thus allow 
passage to water, 
air etc., through the 
holes they close, in 
one direction but not 
in the other. 

Fig. 199, A represents a han<jtn{i flap valve , it 
is a Hat disc turning about a hinge in its upper edge 
and thus oiiening or closing the passage over which 
it is fitted. In the ordinary bellows (fig. 200) the 
valve is a leather fiap K. This is raised when tlie 
bellows are being expandedand allows the air to enter; 
when the bellows are compressed, the flaj) is pressed 
down tightly on the hole which is thus closed, and 
the air is forced out through the no;:zle. 

Fig. 199 B rejiresents a double flap valve, and 
fig. 199 C, a conical valve. When a fluid is forced 




Fig. 199 
Valves 


Fig. 200 

* The ordinary bellows 

through the val've from a downward direction, the 
■cGCpe is raised and the fiuid passes upwards. The 
pleasure in the opposite direction serves only to drive 
the cone more closely ^gainst the hole over which 
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it is fitted. The cone is prevented from moving far 
from the orifice by a suitable guide. 


A form of valve used in many air-pumps is shown 
in fig. 199, D. It consists of a strip of oiled silk, 
secured firmly at both ends to a plate of brass over 
narrow slit in the plate, meant for the passage of 
the air. When the air is forced against the valve 
through the orifice, the silk is lifted slightly and the 
nir escapes ; if the air is forced in the other direction, 
the silk is pressed tightly down over the slit which 
is thus closed. 



Fie. !201 
A diving bell 


178. The Diving Bell.— 

A Diving Bell (fig. 201) is an 
apparatus for enabling a man 
to descend to a considerable 
depth under water to examine 
the foundation of a pier etc. 
It is a heavy, bell-shaped vessel 
of iron, closed at the top 
and o])en at the bottom 
and contains a platform 
inside. It is lowered by 
means of chains and sinks 
due to its own weight. As 
tlie liell descends, the 


pressure of watei- increases and compresses the 
air in the interior. Hence, to prevent the water 
from rising into the hell, and also to enable the 
workman to breathe, a constant supply of air is 
usually pumped into the bell through a tube from the 
surface by means of a condensing pump, the surplus 
air bubbling out from the lower edges of the bell. 

It is easy to calculate how far the water will rise 
up inside the bell when it is immersed to a known 
■depth, in such cases when no air is pumped into it 
from outside. 
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If the level of water inside the bell is at a depth 
h below the surface of water in which it is dipped^, 
the i)ressure of the air enclosed within the bell A is 

H + //, 

Where H is the height of the water barometer. 
Hence the volume of air whicli completely filled the 
bell at the atmospheric pressure H before immersion 
is now compressed to a smaller volume after immer¬ 
sion owing to the increased pressure H + //. It 
follows from Boyle’s Law, that 

volume of air on immersion _ H 
total volume of bell H + // 


EXAMPLE : 

A diving bell 10 ft. high and of uniform section 
is immersed down to the bed of a river y9 ft dee]>. 
How far will the water rise up inside the bell if the 
mercury barometer reads 30 inches ? (specific gravity 
of mercury = 13’6) 

Let the -water rise a- ft. into the bell. Then pres¬ 
sure of air inside the bell is given by 

p “ atmospheric pressui e + the ])ressure • 
due to a column of wniter (39 - x) ft. 
high 

= + (39-07) ft. of water 

= (73-£r) ft. 

Hence 


volu me of air i n the bell _ Atmospheric pre ssure 
volume of bell p 

10~y 34 

■ 10 ' n-x 

or ir=-8ga: + 730 =340 
whence 


X 


= K 


5 ft. 


the water will rise ^alf way up the belL 
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; 170. The Common Pump. —The common 
pump, also called the suction pump or the lift pump 

consists of a barrel or cylinder AB (fig. 202) in -which 
works an airtight piston P. Along pipe BD is con¬ 
nected to the barrel at B and terminates beneath the sur¬ 
face of water which is to be raised. There are two valves, 
both opening upwards, one at V within the piston, 
closing an opening in it, and another at C the junction 
of the barrel and the i)ipe. The top of the barrel is 
generally provided with a spout B. In the case of a 
hand-pump, tlie piston rod is worked by means of a 
lever, often a bent one, called the ])ump-handle. 

To explain the action, let us start with the piston 
at the bottom of tlie barrel and the pipe full of air 



Fig. 202 Pig. 208 Fig. 204 

The action of an water-pump 

above the water surface. As the piston is raised 
(fig. 2Q2)» the space below the piston is increased 

B—24 
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<‘>ansiug a fall of pressure in it : the atmospheric 
pressure acting on tlie valv'e Y closes it ; the valve C, 
however, opens due to pressure of the air in pipe, 
whicli is greater than that of the air above the valve, 
and the air in BD ex[)ands into the part of the barrel 
below the ])istoii. This causes the ]>ressure on tlie 
surface of water in the pipe to be less than the atmos- 
plieric pressuie which acting u])on the water outside 
D forces it u]i in the i)ii)e. 

When tlie inston reaches the top, its motion is^ 
reversed. The pressure in tlie cylinder is increased, 
and closes the valve C. When the air below the jiiston 
is compressed to the atmospheric ])ressure, it begins to 
escape by pushing the valve Y upwards (lig. 203). 
This continues till the jiiston is again at the bottom 
of tlie cylinder. 

Other complete strokes iollow, the water rising 
higher and higher in the cylinder uptil it begins to 
<!ollect in the cylinder. When tlie piston is again 
lowered, water is forced through tiic valve V iind at 
the next up-stvoke of the ]>iston hows out hy t.lie s]K)ut 
E (tig. 204). 

Since water is raised in the tube solely hv tlie 
atmosjiheric ]>]‘essure, it follows that the hpf<ihi of the 
pi^io ‘,1 ((hove the surface (\f the u'cticr oiUfit never ercccil 
the herjlit of a, initer haronicier (/. c., about -il it.). 
In ijractice, taking into account the weight of the valve 
etc^., the limit of the working height of tlie piston is 
34 ft. 

^ The Force-Pump. —TJie force pump 

diifel< M'om the common jiurnp in as much as the 
piston P is solid and has no valve : a jiipo rises 

from a side close to the bottom of the cylinder and is 
provided with a valve D (fig. 205), opening outward 
frcmi the cylinder.. 

* 'At^each’down-sftroke, the water collected in the' 

- * 
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"barrel is forced out tlirougl) the valve D and uj) the 
• delivery pipe and at each upstroke, the valve D 



Hil; JO) Fif^. 206 

• lt)iTe-puiiip ill action 

•closes due to i.lie bai^k-jiressui'e of t he water in tlio 
})i]ie E and water collects witldn llie bairel. 

Tlio heif^bt to which tlic water can be Jorced 
depends on tlie foice ii)>phed and tlie handle and the 
strength of tlie pump. 

The chainaHO of deep mines im usuallv ellecU'd hy a M-nes ot 
pumps. The water is first raised liy one pump to a vobervoir 
into vvhieh dips the suction tubeot a second pump ivluch sends 
the water up to a second reservoir, and so on. The piston rods 
of th(* (hherent pumps are ,]oined to a sinj^le rod, railed the 
speii-r, vvhieh j,'eeeivcB its motion from a steam-engine. 

The flow in the delivery tulie of the force-immp, as 
iust described, will be intermittent, the water flowiiij^ 
only during the down-stroke of the piston. To obtaiii 
si continuous stream, two force-pumps may be sd 
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joined as to have a common delivery tube and the 
two pistons in the two barrels worked by a common 



Pig. 207 

A manual fire-engine 

handle, so that as one piston descends, the other as¬ 
cends. Even then the action of the pistons, momen¬ 
tarily stops when their motions are reversed. 

In order to produce a continuous jet of water from 
the hose, an air-chamber is provided with the pump. 
Thi^ is simply a large metal dome (B, in fig. 06 ) 
partly filled with air. The delivery tube leads into 
this chamber whence a hose E, one end of which is 
near to the bottom of the dome, leads up to the 
height required. " When the water is rapidly pumped 
into the chamber, it rises above the lower open end 
of the hose, and compresses the air in the chamber,, 
v^hilc.part of the wate|; is forced out at the sam®' 
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time. Duriiif* the upward stroke of the piston the 
valve T is closed a-ud the air in the chamber being no 
longer subjected to the pressure due to the ])iston 
expands, thus driving the water up the hose. Thus 
H continuous how of water is maintained. 



Fig. ‘20S 
firo-ongiue* 

f 

Fire-Engines. -The fire-engine is a contrivance 1/ 
by which water is pumped up from a tank or reser¬ 
voir and projected under high pressure to extinguish 
fire. When the engine is worked by muscular 
power it is called a manual fire-engine. When steam 
is used to work the engine, it is called a steam fire- 
engine. 

The Manual Fire-engine (fig. 207) consists of two 
force-pumps connected to a common air-chamber. 

The Steam Fire-engine (fig. 208) is a double-action 
force-pump with a horizontal barrel. The piston 
is driven backwards and forwards by steam-power, 
an d water enters the barrel on^the two sides of 

* The figure is adapted frbm a drawing given in the First 
:€our8e of Physics by Millikan and Gale. 
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pistoii III tern ately. Each half forma a complete 
pump. The student will find it quite interestinji to- 
follow the action of the ])ump from a study of the 
diafiram ffiveii. 

181. Mechanical Air-Pumps. Tim iiii-q ump 
is an in.atrument constructed for the j)ur]iose of 
v^iLunpinf* air out of a closed vessel. Air-punqis ma> 
be of two difstinctly diffei-ent types : one type heiiifj 
known as the mechamca r-pumjh and the other 
as tlie mercury pump. 

The air pumj) was invented by Otto V"0N Gcepicke, 



^ Fig. 209 Fig. 210 

An air-pump in action 

in about 1650. It is almost identical in constiuctioir 
and similar in action with the common water-pump 
de?icribed in art. 1$0. This consists of a cylindrical 
inetal.biin’el AB ffig. 209), in which an air-tight 
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piston, P, can be worked uj) and down by a handle. 
This piston has a valve openiiij^f upwards. The barrel 
coinniunicates through tl\e tube 1> with the bell-jar 
receiver or a vessel li, to be exhausted, which fits 
air tight on the flat circular disc EP. At the junction 
of the barrel and the tube T) there is a second valve 

also opening upwards. D is provided with a stop¬ 
cock (not sliown in tlie figure), by turning which air 
may be admitted into the receiver. To indicate the 
exent of exhaustion in K, a manometer may be con¬ 
nected with the pipe I) by a brass side-tube. 

To understand the action, suppose the piston to be 
at the bottom of the barrel. In the up-stroke, the 
valve in tlie jiistoii at once closes and the pressure 
of air within the barrel below P falls. Tlie air in the 
receiver and the tube lifts the valve a, and expa^^ 
into the barrel ; thus the pressure in R is reduced. 
When the piston is forcedJLownwards (fig. 210), it 
comtiresses the air in the ))aiTel lifilow it. This at 
once c loses the valves ; when the pressure of the ' 
air in the barrel becomes greater than the atmospliericj 
pressure, the piston v'alve opens and allows the air ta 
escape from heneatli the piston to the upper part of 
the barrel and thence to the outer air. At the next 
upstorke, the air left in the receiver will again exiiand 
so as to fill both the receiver and the barrel. Tliis , 
process of exhaustion goes on until a fairly low vacuum 
is produced in the receiver. ^ 

To calculate the density of the air left in the 
receiver after a number of strokes is rather simple. 
Let 

l^ = volume of the receiver R and pipe D. 

V = volume of the barrel between the two \'alvt'» when tho 
piston is at the top cjf its upstroke. 

It is clear that at each upstroke a volume T of air expands 
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to V+ 7 ;, and thereby bocomeij rarefied. If the oirgiual density 
of air be 7>, the density di after tho fi^^t upstroke is given by 

VD = {V + v).cU. 


Or 




v'+v 


■ D 


Similarly, the density (h after the second upstroke, 

d, = 

V+v V >+t’/ 

Thus the density of the air left in the receiver after n up¬ 
strokes is given by 

( 101 ) 


n \ \ +v} 


According to Boyle’s Lavv, the pressure of a ga.s is propor 
tiojial to its density ; ^ve have, therefore, 


n 


(.' 1 . )*'• 


where is the pressure after u upstrokes and P is the original 
pressure of the air in the vessel. 

The lesulfc shows that the value of can never 

become zero (indicating a perfect vacuum), but it may 
be made very small after a sufficient number of strokes, 
provided the pump is mechanically perfect. 

But a pump of this pattern is never mechanically perfect. 
There is always a certain amount of leakage in action. Again 
there must always be a small clearance i.e , a space left at the 
bottom of the barrel even when the piston is pushed ‘full home.’ 
After pumping for sometime there comes a stage when the 
valves do not open, atid the air between them alternately 
expands into the barrel and is forced back into the clearance. 
Further, the valves, however light, require a force to be opened, 
and when fjie pressure of the air in the receiver becomes very 
low, it is unable to raise the valve a during the upstroke of the 
piston. Another point to be noticed in the working of the pump 
is that when the exhaustion is carried to a certain extent, tho 
excess of pressure on the upper side of the piston over that of 
the the barrel be^w it makes the pump hard to work. 
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182. The Double-barrelled Pump —In tho 

ordinary single-barrelled pump no aii* is expelled in 
t he downstroke ; in the Dottble-BARRELLED Pump, 
a Iso (iiiWed Ilaii'ksbee's there are two barrels 

instead of one, aijd tlie pistons are worked up and 
down by jneans of a rack-a7ul-pimon arrangement so 
that when the pinion is turned by a lever handle, one 
piston rises wliile the other falls ; thus air is thrown 
out during each storke. It should be noted that the 
passages fioni the two barrels unite into a single 
l)assage. 

Tins aii'angenjent ])ossesses two advantages. First, 
Ihe air is taken out twice as (juickly as with a single 
barrel. Secondly, since the atmosjdieric juessure 
tends to depress each piston, its effect on one of the 
))istons wiiicl] is risiiig, is .]ust balanced by that on the 
other wliich is descending; a less force, therefore, 
is necessary to raise the })iston than that in the 
ordinary pump. 

Usea of the Air-pump : —At the time when 
the air-pump was invented, experiments were 
devised to demonstrate the effect of a vacuum, 
■some of wliicli have already been described. 

Besides its use in the laboratory, the exhausting 
uir-pump finds an application in many industries. 
It is employed in sugar I’etinery to lower the boiling 
point of the syrup ; in exhausting the globes of inca.n- 
■descent electric lamp ; in parts of ice-making machi¬ 
nery : in exhausting the air from vessels meant for 
preserving foods etc., etc. 

183. Tbe Condensuig Pump . —This is an aix- 

pump for compressing the air. It consists of a barrel 
AB, in which works a piston P (Fig. 211). AB 
communicates at one end through a stop-cock with 
Ijhe Beceiver or the vessel into which air is to be 



878 


GENEliAL PHYSICS 


iXXII- 


eom]jre 3 sed. Both tlie piston and the end of the barrel' 
contain valves E and F, opening’ towards the 
receiver. 

Let the piston be at the end of the barrel near 
tlie valve F. In the backward stroke, the pi'essure’ 
in the barrel below tlie piston is reduced ; the valve 
F is closed by the pressure in tlie receiver wliile the 
atrnosi>heric pressure opens the valve E. and the 
barrel is filled with air at the atinosidieric pressure. 
In the forward stroke, the valve E is closed and F is 
ojiened : hence all the air from the barrel is forced 
into the receiv’er. This process is repeated in e\'er\ 
complete stroke of the piston. 

The piston valve is not necessary, if tliere he a 
hole in the side of the barrel just below tlie outer¬ 
most iiosition of the piston. 



Fig. 211 

A condensing pump 

Tbe pressure nf the compressed air after a given number ol 
strokes of the piston may be easily ealeulated. Tiet 

y = volume of the recei\ei’ 
r ^volume of the barrel 
D = density of the atmospheric air 

At each backward stroke, a volume v of air at the atmos¬ 
pheric pressure enters the 1 arrel. At oaeh forward stroke this 
air enters the receiver. 

* Hence after n rompjetf strokes the mass of air in the 
recei%’^er=(V-f«r). V 

' But its actual voluit^ is V. T.et its raised density be mi. 
Then V. fill. — (V + u?‘). I) 

•: = (l+nr/V). D ... (102^ 


i 
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If Boole's law is assumed to hold here, the pressure within 
R alter n strokes is given by 

pn -- TT (1+7Z77-V) 

where tt is the atmospheric pressure. 


In the coinmon Bict/clp Pump or C\icJe Tf/rc 
In/lotor (Fif*. 212), the vahe in the piston is replaced 
by a contri\ance called the Cup-valve. A cup-sliai)ed 



Fig '212 
Bicvcle pump 


barrel preventini; the 
piston. 


disc of leatlier, a little 
larj>'er than the barrel 
of tlie pump is attaciied 
to a loosely fitting^ metal 
])iston composed of two' 
circular plates of smaller 
diameter than that of the 
barrel, bet ween which the 
leather i.s lield. During: 
the up-stroke the cup 
collapses inwards and 
allows the air to pas's hy 
it ; on the down-stroke 
the leather presses tight 
against the walls of the 
escipe of air round the 


184. The Toepler Pump .—The amount of 
vacuum inoduced hy the types of piini]) just described 
is limited hy tlie inefficiency of the valves and other 
mechanical drawbacks. Toproduce very high vacuum, 
therefore, we have to take recourse to other types of 
pump, two of which we shall describe lieie. 

In its simplest form the Toepler pump consists of 
a glass bulb A fitted with two barometer tubes BC 
and DFi as shown in fig. 213. The open end of BC 
dips into a cistern of mercury and that of DE is 
connected by means of a rubber tubing to a mercury 
reservoir G. A side tube F fixed to DE at the junc- 
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tion D connects the apimratus to tlie vessel to be 
-evacuated. 



Fig. ‘213 
Toeplci* pump 


To work tlie pump the 
reservoir G is raised ; mer¬ 
cury rises up into DE and 
eventually seals off the junc¬ 
tion D. The communication 
with the side tube is then 
cut off'. On still raising G, 
mercury fills the bulb A 
driving away all the air inside 
it through BC. The air 
escapes bubbling through the 
mercury in the cistern. G is 
then lowered, the mercury 
sinks down in DE opening 
the lunction D. The vacuum 
in'oduced in A sucks in some 
of the gas from the vessel to 
he exhausted. G is then 
raised again and the entrap])ed 
gas is forced out through BC 
as before. This process is 
repeated until the vessel is 
exhausted to the desired 
extent. 


Tt may he noted here that the action of the Toepler 
pump is very slow but the vacuum it can produce is 
of the order of the vapour pressure of mercury at the 
room temperature. 


185. The “Hyvac” Pump. —The “Hyvac” 
pump is one pf the best pumps used in modern times 
to' produce very high vacuum such as those in X-Eay 
tubes, discharge tubes,- thermionic valves, etc. It is 
shown in sections in fi|g. 214 


G is;a; cylindrical casing in w’hicb rotates an 

■I 
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eccentric rotor K ( Fig. 214) mounted on a shaft along 
the axis of the cylinder. The inlet tube E communi¬ 
cates with the vessel to be 
exhausted and the valve at O 
serves as an exhaust valve. F is 
a rigid fibre l)lock pressed air- 
tight by means of a spring (not 
sliown in the diagram) on to 
the surface of the rotor. 

Tn the position shown in figure, 
the space A is in communication 
with the vessel to be evacuated. 
As tlie rotor revolves in tlm 
direction shown by the arrow, the 
s]>ace A is gradually diminislied 
tliiis compressing the gas enclosed in it. During a com¬ 
plete revolution, there is one position of the rotor for 
which the volume of the entrapped gas is aminimum and 
tlie compression is so great tliat the exhaust valve O 
opens and the gas rushes out. This process is repeated 
in each revolution and as the rotor is rapidly rotated» 
the vessel can be evacuated within a few minutes. 



Fig. 214 
Hyvat! pump 


Exercise XX 

1. Describe a suction pump. Water cannot be raised to a 
lieight much greater than 80 ft. by moans of such a pump. 
State the reason for this, and describe a laboratory experiment 
by which vou could prove your explanation to be correct. 

, [C. U.-1930J 

2. Explain the action of a siphon. ** 

A siphon is used to empty a cylindrical vessel filled with 
mercury. The shorter limb of the siphon reaches to the 
bottom of the vessel, whicli is 45 inches deep, but it is ’found 
that the mercury ceaseR to run before the vessel is empty. 
Explain this. [C. U.—1926] 
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M. Exphiiii the prhipjplo and action of the ^iphon, and 
fttate how the principle is used in Tantalus’ cup. 'C. U.—PJSrfJ 

4. Describe an air-pump and explain its h ction. 

[U. u.—ausdj 

5. 11 the receiver of an exhaustion pump has double the 
volume of the barrel, find the density of the air remaining; after 
10 strokes, neglecting leakage etc. 

G. Air is forced into a vessel by a coniprcssion-punip whoac 
barrel has 1/LO of the \oluinG of the \essel. Compute the 
density of the air in the vessel after 20 strokes. 

7. Describe in detail, with a diagram, a eondi'n^ing inimp 
and its mode of action. 

The barrel and receiver of a condensing pump have capa'ci- 
ties of 75 e.c. and 1,000 c.c. respectively. How many strokes 
will be required to raise the pressure of the air in the receiver 
from one to four atmospheres [C. U.—1925J 

fi. Describe and explain the principle of action of a 
force pump. !C. U. —19G7J 

9. Describe a double barrelled an-pump and explain its 
action. 

A lift pum is used to pump oil of sp. gr. 0 8 from a lower 
into an upper tank. What is the maximum possifdc height 
of the pump above the lower tank when the atnio.sphenc pressure 
is 70 cnis of mercury. Dive reasons for \our rinsw<‘r. 

■[(;. U.—19.^8] 
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£xercise 1 

2. (b) 1 ft. = 30’48 cm. 

1 in. = 2'54 cm. 

4. lks.=--2'204 lt)s. 

1 gill. = 0‘002 lb. 

i}- Aliout (i4'05 fims. 

■9. 1 radium = 57'’‘296. 

Cxercise 11 

•5. y min. 39‘() secs. ; 120' 
wiOi the direction of 
Uie current. 

(), J r, ft. per sec\ 

9- 4'24 miles per hour. 
10. 4f)'9 ft. iier sec. 

Exercise 111 

1. 20 Ihs. 2. 3’46 lbs 

3. Force ^ ^ 

distance 

4. dft. from tlie man 
hearing 94 lbs. 

i). lbs. 

Exercise IV 

i"), 1 )»oimdal == 13S2r)'7 

dynes. 

0. 20 gms. 7. 80 pouriduls. 

8. 0473‘(i poundals. 

9. 180 poundals, 

10- 45 . 

Exercise V 

1. 170 ft. ; 576 ft, 
a 350 ft. 

4. 4 4 ft. ; 0*16 ft. 

/)- 2 004 secs. 

'6. 6’5 secs. 


8. 297|ft. per sec. 

9. 1200 ft. per sec. 

11. 88 ft. per sec. , 24 ft. 

per sec. 

Exercise VI 

4. 20 lbs. 

5. 14.j\ in. from the end 
of the tube weighing 8 oz. 

6. ;(= -;-L- ft. 

Vio 

7. 2: ft. from tlie end 
nearest to 1 lb. 

8. -i'\ from the heavier end. 

9. 0‘0721 in. fi’oin centre 
of disc. 

Exercise VII 

3. 120 gins. wt. 

1. 0'75. 0. 3-4G lbs. 

Exercise VIII 

1. 3 Ills. 

2. 22 H' with Die horizon. 

3. 12 in. from 10 lbs. w't. 

4. on lbs. 0. 840 ll)s. 
6. 373\ lbs. 7. 21 lbs. 

Exercise IX 

1. 41. 3. 09*39 cms. 

0. 9*3 cms. 

6. 99 .39 cin.s. ; loses. « 

10. 0004 in. 

Exercke X 

10. 3'84xl0^» ft. lbs. 

13. 2'17xi0^ ft. poun- 



384 


ANSWERS 


dais; 377x10" ft. 
poundals, 

Exercise XI 

2. 8‘85c.c. 

3. 5 gms. per c.c. 

Exercise Xll 

2. 1 mm. 

5. 2'4 X 10^ ■ dynes per 

cm®. 

Exercise Xlll 

3. 1.11 X lO** dynes per 

cni^ 

5. 6’67 X 10''’ dynes per 

2 

S cin . 
000 gms. \vt. (top) ; 
000 gms. \vt. (bot- 
y/ |om) ; 1500 gms. wt. 
(sides). 

9. 640*6 ' R>s. per sq. ft. 

10. 10*19 metros nearly. 

Exercise XV 

2. 3*17 gms. per c.c. ; 0*5 
gms. per c.c. 

3. 20 c.c. 

5. 36 c.c. ; 7*6 gms. per 
c.c. approximately. 

6. 2*37 gms. per c.c. 

8. 30 gms. 9 . 360 gras. 

10. 13*92 gms. 

11. ^J., 12. Sine. 

Exercise XVI 

1. 60 gms. to be added. 

2. .82 gms. ^ 

3."ISO .gms. 4f.p)'8, 


6. 6437*5 cu. yds. 

7. 21. 8. 0*25. 10. 4*0. 

11. 0*89 c.c. 12. 0*795. 
13. Floats. 14. 1*2. 

Exercise XVIII 

5. 8264*46 litres. 

6. 1*012x10'^ dynes per 

cm^. 

7. 15 7 lbs. per sq. in. 

12. 1*014x10*' dynes per 

cm^. 

13. 25*2 ft. approximately. 

Exercise XIX 

1. 47*6 rnetre.s. 

2. 1*4x10® dynes per 

cm . 

3. 0*131 c.c. 

4. 11*31 litres nearly. 

5. 1*327 gms. approxi¬ 

mately. 

6. 500 mm. 

8. 6 times the initial 
pressure. 11. 2 ins. 

12. 12 ins. 13. 70 cms. 

14. 0*068 of the original 
volume. 

15. r012 dynes per cm^; 
0*5 gm. nearly. 

Exercise XX 

6. 173 X10-*-^of the ori¬ 
ginal density. 

6. 3 times the original 
density. 

7. 40 Strokes. 

9. 12*92 metres. 
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Acceleration, 60 ; uniform 
51 ; of a falling body, 
122 : 

Adhesion, 246 ; 

Aeroplane, 346; 

Air-ships, 345 ; 

Air, buoyancy of, 341 ; 
l)ressure of, 319; 
measure of pressure 
in receiver, 376; 

Air-i)UTnp, 181; . 

Aneroid Barometer, the, 
133 ; 

Archimedes, Principle of, 
277; 

Area, measurement of, 37 

Artesian Well, 274; 

Atmosphere, height of the 
homogeneous, 339 ; 
pressure of, 319, 327, 
337 ; 

Atom, 224 ; 

Axle and wheel, 166 ; 

Balance, 30, 177 ; hydros-; 
tatic, 278 ; 

Balloons, 342 ; dirigible, 
345 ; 

Barometer the, 330, For¬ 
tin’s 331; aneroid, 335 ; 
wheel ,334^ ^ glyneriue, 
335; measurement of 
height by, 339 ; 


Baroscope, 341: * • 

Bellows, 366; hydros¬ 
tatic, 261; 

Bicycle Pump, 379; 
Bottles, sp. gr. 298 ; 
Boyle’s Law, 350 ; 
Bramah’s Press, 263 ; 
Brittleness, 337 ; 
Buoyancy of the air, 341; 
Caisson, 367; 

Callipers, 19 ; 

Capstan, 168 ; 

Capillarity, 312 ; 

Cartesian Diver, 284 ; 
Centre of mass, 136 ; 

,, of gravity, 134 ; ex¬ 
periment on,137 ; 
Centrifugal Force, 104 ; 
Centripital Force, 104 ; 

C. G. S. System of meas¬ 
urement, 10 ; 

Circular Motion, 103 ; 

Co-efficient of Friction. 
152; 

Cog-wheels, 168; 
Cohesion, 245 
Common hydrometer, 300; 
Compounds, 225 ; 
Conservation of energy, 
216 ; 

Couple*,-'88 ; 
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Degree, 40 ; 

Density, 236 ; 

Displacement, 46 ; 

Diving-bell, 367 ; 

Divisibility, 231; 

Double-barelled Pump, 
»377 ; 

Double weighing, 182 ; 

Ductility, 238; 

Dynamics, 5 ; Dyne, 98 ; 

Elasticity, 233 ; 238 ; 

Electrons, 227 ; 

Energy, 3, 205 ; kinetic, 
206; potential, 208 ; 
transformation of, 211 ; 
conservation of, 216 ; 
dissipation of, 217 ; 

Equilibrium, 143 ; of 
liquids, 266 ; 

Ether, 

Extension, 227 ; 

Falling Plate, 122 , 

Eire-engine, 373 ; 

Floating, 282 ; 

Fluids, 223 ; pressure 
within 250 ; 

Flying machines, 345 ; 

Foot-pound, 203 ; 

Force, 77 ; resultant, 82 ; 
representation of, 82 ; 
Measurement of, 58 ; 
mo'ment of a, 85 " work 
done by, 201 ; . 

Forces, pfarallelogram of, 

'*78 ; composition of, 78^ 
resol^ition of, 82„; para¬ 
llel, 86; ; 

-Forifeg of energy, 310; ^ 


Fortin's barometer, 33 ; 

Fountain in vacuo. 377 ; 

F. P. S. system, 10 ; 

Friction, 149 ; co-efficient 
of, 152 ; rolling, 155 ; 
sliding 155; laws of 
limiting, 150 ; 

(j, values of, 122, experi¬ 
ment to determine, 122; 

Galileo, 120 ; 

Gases, 223, 316 ; density 
of, 249 ; pressure of 319 ; 

Gauge, siphon, 356 ; 

Gramme, 14 ; 

Gravitation, 230 ; laws 
of, 113.; 

Gravity, 113 ; centre of, 
134 ; specific, 291, 194 ; 
values of, 194 ; 

Guericke, Otto, 223 ; 374 

Guinea and Feather ex¬ 
periment, 120 ; 

Hardness, 237 ; 

Hare’s apparatus, 302 ; 

Harmonic motion, simple 
71; 

Hawksl:>ee’s Air-pump, 377; 

Heat, 4 ; dilation of gases 
by, 350 ; 318 ; 

Heights, measurement by 
a barometer, 339 ; of 
the Homogeneous At¬ 
mosphere, 339 ; 

Hiero’s fountain, 364 ; 

Horizontal surface, 266 ; 

Hydraulic Press, 261 ; 

Hydrometer, the common, 
300; lificholson’s 296 
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Hydrostatic Balance, 278, 
bellows, 261 Paradox 
255 ; Hydrostatics, 248; 

Hyvac’ pump, the, 380 ; 

Ice-berg, 284 ; 

Impenetrability, 229 ; 

Inclined Plane, 172 ; 

Inertia, 230 ; 

Instruments for measur¬ 
ing lengths, 18 ; 

Intermolecular space, 225 ; 

Kinematics, 5 ; 

Kinetic energy, 206 ; 

Kinetics, 5 ; 

Laws of Nature, 2 ; 

Laws of motion, New¬ 
ton’s, 93 ; of gravita¬ 
tion, 113 : of limiting 
friction, 150 ; 

Length, unit of, 11; 
measurement of, 18 ; 

Level surface, 266 ; water, 
271 : spirit, 273 ; 

Lever, the 161; bent, 161; 

Lifting power, 343 ; 

Limiting friction, 150 ; 
laws of, 150 ; 

Liquids, 248 ; 

Machine, 158; simple, 
160 ; 

Magdeburg Hemispheres, 
322; 

Melleability, 238 ; 

Manometer, 356 

Mass, 13 ; center of, 136 ; 
measurement of, 29 ; 
unit of, 13 ; weight and, 
29 ; 


Matter, 3 ; classification 
of, 232 ; properties of, 
229 ; constitution of, 
223 ; 

Mechanics, 4 ; 

Mechanical advantage, 

159 ; 

Mercury Bain, 232 5 
Metre, 11 ; 

Metronome, 36 ; 
Micrometer screw, 25 ; 
Molecule, 224 ; 

Molecular forces 245 ; 
308 ; 

,, motion, 245 ; 308 ; 
Moment of a force, 85 ; 
Momentum, 96 ; 

Motion, 45 ; Newtons 
Laws of, 93; under 
gravity, 113 : circular, 
103 ; simple harmonic, 

71 ; 

Newton, 113 ; 

Nicholson’s Hydrometer, 
296; 

Optics, 4 ; 

Parachute, 344 ; 

Parallel Forces, 86 ; 
Parallelogram Law, 78; 
Particle. 224 ; 

Pascal’s Law, 259 ; ex¬ 
periment, 327 ; 
Pendulum, 188 ; laws of 
192 ; seconds, 196 ; 
Period, 192 ; 

Physics, 3 ; 

Pipette, 361 ; 

Plane, the inclined, 172 ; 
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Porosity, 232 ; 

Potential energy, 208 ; 
Pound^i^, 98 ; 

Power, 202 ; 

Pressure, at a point, 250 ‘ 
Prineiple of work, 159 ; 
Fully, 169 ; 

Pump, the common, 369 ; 
Force, 370 ; exhaustion, 
874 ; condensing, 377 ; 
Hawksbee’s, 377 : 

Rack and Pinion, 169 ; 
Eadiation, 213 : 

Eeaction, 100 ; 

Relative velocity, 65 ; 
Eesultant force, 78 : 

Best, 45 ; 

Eupert'u drop, 241 ; 
Science, 1 ; 

Screw, 175 ; micrometer, 25 
Screw*gauge, 26 ; 

Seconds Pendulum, 195 ; 
Simple Harmonic Motion, 
71 ; 

Siphon, 333 : 

Simphon gauge, 3€56 ; 
Solar day, 15 ; 

Sp. Gr., 291 , bottle, 298 ; 
Speed, 48 ; variable, 48 ; 
Spherometer, 27 ; 
Spirit-level, 273 , 

Spring, intermittent, 364 ; 

balancb, 33; 

Stpp-watch, 36 ; 

^ Strain, 234 ; 

Sti^s, 234 ; 


Submarine, 286 ; 

Sun-dial, 35 ; 

Surface tension, 309 ; 
Swimming, 287 ; 

Syringe, 365 ; 

Tantalus' Cup, 363 ; 
Tenacity, 244 : 

Time, measurement of, 14 ; 
Toepler pump, the, 379 ; 
Toricelli, 324; 
Transmissibility of fluid- 
pressure, 259 ; 

Uniform, velocity 48 ; ac¬ 
celeration, 51 ; 

Units 9 ; foundamental, 9 ; 

derived, 9 ; 

U-tuhe method, 302 ; 
Valves, 366 

Velocity, 48 : angular. 6(J 
Eesolution of, 63 ; 
Vernier 20 ; 

Vibration 193 ; 

Volume measureinejit of., 
39 ; 

Water, level, 271 ; supply 
of towns, 273 ; 

Watt’s Governor, 107; 
Weight, 29 ; mass and, 
29 ; box, 32 ; 

Wedge, 174 ; 

Wheel and Axle, 166 ; 
Windlass, 167 ; 

Work, 201 ; principle of,- 
158 ; 

Yard, 11 ; 

Young’s modulus, 241 ; 



EBBAT A 

Page 109, Exercise IV, Q. 8, the answer is 

6476*6 pounda^ 

Page 109, Exercise IV, Q. 10 , Bead 72 ft. ir 

place of. 

Page 129, Exercise V, Q. 9 , Bead 2^ 

^lace of fT 

Page 199, Exercise IX, Q. 3, ‘*** 

length of a simple seconds pen^*’®’ before at a 

place where g is 981.*' 









